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PREFACE TO THE NEW AND REVISED EDITION. 



The new edition forms the sixth edition of the work. The 
subject-matter has been thoroughly revised; the improvements 
that experience has suggested will, it is believed, improve the 
usefulness of the book. Some of the sections have been 
amplified, others have been simplified, and some of too ad- 
vanced a nature for an elementary volume have been omitted. 
The original numbers of the sections have been preserved, so 
that no difficulty will be found in using this edition with earlier 
editions of the work. 

M. R. W. 
Newcastle upon TyiiZi January iZ^, 



EXTRACTS FROM THE PREFACE TO THE FIRST 

EDITION. 

This volume is an elementary text-book on Sound, Light, and 
Heat treated experimentally. It is essential that the experi- 
ments should be performed. The numerical results which 
illustrate the text, should not take the place of measurements 
made by the student. 

The experiments demand no expensive apparatus ; the aim 
has been to avoid elaborate instruments ; descriptions of the 
apparatus used, appear in the book or in the Appendix. Many 
of the engravings are copied from pieces of apparatus in use. 



VI Preface 

The results obtained from the experiments make no claim 
to great accuracy. The student should avoid attaching to his 
calculations greater value than they deserve ; he should consider 
the apparatus with which he works ; it is a strong temptation 
to calculate to five or six places of decimals when probably not 
more than the first place can be relied upon. 

While attempts have been made to prevent the student 
forming notions at variance with modem theories, little space 
has been given to such theories. A beginner's time is best 
spent in examining the facts of science. 

Numerous examples are given frequently throughout the 
work; Science has been slow in copying from Arithmetic in 
this matter, A large number of the examples are selected 
from Examination papers ; they include the whole of the ques- 
tions in the elementary papers of the Science and Art Depart- 
ment during the last nine years. 

The usual title, * Sound, Light, and Heat,' is retained, but 
* Heat,' being considered the most suitable as an introductory 
subject, is placed first in the volume. 

M. R. W. 
Gateshead : October 1887. 
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CHAPTER L 
HEAT AND TEMPERATURE^THERMOMETERS, 



I. Heat ANH^ Temperature. 

Touch the part of the fender in front of the fire. It feels warm. 
The fire-bars feel hot. A piece of iron on the table feels cold. 
The agent which produces the sensations ofhotness^ warmth^ cold- 
ness^ and similar sensations is called Heat, 

Plunge the hand into vessels containing water. The terms hot, 
very hot, warm, lukewarm, cold, are used to express the state or 
condition the water is in with respect to the heat that affects the 
hand. 

The names used are names of temperatures. 

The Temperature of a body is its condition with respect to its 
heat that affects the senses. 

The hand in the last experiment was used to measure 
roughly the temperature. 

A body that measures temperature is called a Thermometer, 

By using the hand, a table like the following could be 

constructed : — 

Temperatures, 





Very hot 


Hot 


Warm 


Cold 


Very cold 


Iron 
Water 


in the fire 


near the 
fire 

boiling 


at the end 
of the 
fender 


on the 
table 

spring 


in winter 



B 



VVr 



2 Heat 

It is not asserted that ' hot temperature ' means the same 
in the case of the iron and the water \ compare the expressions 
a high house, a high mountain. 

Place a piece of hot iron upon a piece of cold iron. After 
a while the hot iron loses heat and its condition with respect 
to its sensible heat (its temperature) falls. The cold piece 
gains heat and its temperature rises. 

Temperature is a state or condition ; it is no more heat than 
the level of the water in a pond is the water itself. Heat and 
temperature are analogous to water and level Water flows 
from a high level to a lower levels just as heat flows from bodies 
at a given temperature to bodies at a lower temperature 

The level of water is generally measured from the bottom 
of the containing vessel ; in a dock the positions of the level at 
the highest and the lowest tides might be the most important 
positions, and there would be no difficulty in dividing the distance 
between these levels. The level at any number on such a scale 
would give much useful information. We shall see how similar 
' fixed points ' may be used in scales of temperature. 



The hand was used as a thermometer and temperatures 
were compared when its use was restricted to bodies composed 
of the same kind of matter. 

Touch pieces of wood, iron, and flannel that have been some 
time in the room, with the hand. The flannel is warm, wood is 
fairly warm, iron is cold. 

Place the three substances in a warm oven, or place them in 
an empty beaker floating in a larger beaker of boiling water. In 
five minutes test their temperature again with the hand. 

The iron is hot, the wood is very warm, the flannel is warm. 

In each case, as will be shown later, the bodies are at the 
same temperature. If in either case any two were placed in 
contact there would be no flow of heat. 

While the hand tnay still be used to compare the tempera- 
tures of bodies composed of the same substance, its use as a 
general thermometer must be rejected. 
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Take three vessels ; into the first pour water as hot as the hand 
can bear, into the second lukewarm water, and into the third cold 
spring water. Plunge the right hand into No. i, the lelt hand into 
No. 3 ; after a few minutes place both hands into No. 2. No. 2 
feels cold to the right hand and warm to the left hand. 

Both hands cannot be depended upon to indicate the same 
temperature. 

The hand may be a good thermometer as long as its use is 
confined to water; for example, bath attendants are very 
expert in determining within a few degrees the temperature 
of the bath. 

3. The General effect of Heat or Solids. 

General Experience. — Iron bridges are never fixed at both 
ends; one end at least rests upon rollers to allow for the 
lengthening of the bridge on hot days. For the same reason 
a space is left between the ends of the rails on a railway. 

Take a rod of iron 18'^ long. Place it as in the sketch (fig. i), 
resting upon two hard wood blocks. Make one end firm by 
placing a heavy weight upon it. Rest the other end upon a 
fine sewing needle. (The needle should, if possible, rest upon a 
smooth piece of metal placed upon the block.) Fasten a straw b" 
long to the eye of the needle with sealing-wax. Fix a divided 
semicircle of cardboard behind the block. Place the needle so 
that the straw is vertical. With a spirit lamp heat the bar, moving 




Fig. 1. 

the lamp from end to end. The index moves to the right. This is 
due to the expansion of the bar and the consequent rolling of the 
needle. As the metal cools, the index moves to the left. Repeat 
the experiment, using a brass rod, a glass rod, etc. 

B 2 
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Solids, as a rule, expand on the application of heat. The 
expansion in length is called the linear expansion of solids. 

As a solid can expand in three di- 
rections, its volume will increase 
on heating. Fig. 2 illustrates 
the cubical expansion of solids. 
A brass or copper ball when cold 
is just able, in any position, to 
pass through the ring m ; after 
being heated it is unable, in any 
position, to pass through, on ac- 
count of the expansion of the 
ball. This apparatus is called 
Gravesandis ring. 




Fig. 2. 



Use the copper ball. Cut a 
hole in thin sheet iron that just 
allows the ball to pass when cold. Place the plate on the tripod 
stand, and perform the experiment. 



4. The General Effect of Heat on Liquids. 

Take a 2-oz. flask, fill it with clean water that has been boiled 
and allowed to cool. Colour the water with red ink. Fit the flask 
with a cork, and pass a tube 12" long through the cork. 
Insert the tube and cork in the flask (fig. 3). The water 
rises in the tube. See that there is no air beneath the cork. 
Rule lines at equal distances apart on a strip of drawing 
paper ; fasten this scale behind the tube. 

Place the flask in a beaker of warm water, and notice 
(a) a slight descent of the liquid, followed by (b) a gradual 
ascent. 

Remember that solids expand on being heated. 
The heat affects the glass first ; it expands, its volume is 
increased ; therefore a slight descent of the liquid takes 
place. As soon as the heat reaches the water in the 
flask it expands more than the glass has expanded, and 
therefore the liquid is forced up the tube. 

Fig 9 

Fit up two similar pieces of apparatus, using methy- 
lated spirits (impure alcohol) and mercury instead of water. Do 
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not colour the spirit, and remove all flames. By a few trials, it 
can be arranged so that the water, the spirit, and the mercury 
stand at the same height in the tubes when all are at the tem- 
perature of the room. Place all three in a basin of warm water. 
The alcohol rises higher than the water or mercury, and the water 
higher than the mercury; observe, however, that the mercury 
begins to rise and reaches to its highest point first. 

Liquids expand on being heated. 

Examples. I. 

1. How would it affect the rise of the liquids if a tube be used (a) with 
a narrower bore, {b) with a wider bore ? 

2. What would be the effect of using a larger flask ? 

3. Suppose the glass did not expand, how would this affect the rise of 
the liquid ? 

4. Deflne Heat and Temperature. Is temperature heat ? 



5. Principle of the Thermometer. 

The expansion of solids and liquids suggests a method 
of making a thermometer. Might not the lengthening of a 
bar of iron indicate a change of temperature ? The diflSculty is 
the small elongation. The expansion was only demonstrated 
by using a flame to the bar. With liquids the expansion is evi- 
dent. The experiments show that alcohol will be more suitable 
than water or mercury, but alcohol and water boil and pass 
into vapour before mercury ; mercury is therefore used. It 
will be advisable to use a tube with a fine bore (Examples I.), 
and also a large flask, if a small increase of temperature is to 
be made apparent by the rise in the tube. A large flask is 
objectionable, inasmuch as it takes a long time to heat the 
contained liquid. By using a small vessel and a tube with a 
very fine bore the best results will be obtained 

If the top of the tube be open, impurities get into the 
liquid, the liquid evaporates, and its position is also affected, as 
will be seen later, by the pressure of the atmosphere ; it would 
be useless merely closing the end of the tube, as the imprisoned 
air would resist the rise of the liquid. 

Conclusion. — Mercury b a suitable liquid to use in a 
thermometer. The tube should have a small bulb and a very 
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fine bore ; air should be removed from the tube and the tube 
should be closed. 



6. To Make a Mercurial Thermometer. 

There is a fair amount of difficulty in this, and the fumes 
of boiling mercury are dangerous. The student should be 
content with reading the description. The construction of the 
alcohol and water thermometers may be safely attempted. 

The Tube. — Select a tube with a uniform bore, close one 
end, and blow a small bulb, D ; blow a bulb, C, higher up the tube, 

and cut off the tube just above C. 

Pour a little pure mercury into C, warm 

jpi ^H D gently ; air is forced out ; remove 

n W the flame, on cooling part of the 

^ ^ B (jl mercury is forced into D ; repeat this 

until D is half-full. Fill C and boil the 
mercury in D ; all the air is forced out 
along with the mercury fumes ; on cool- 
ing, D and the tube will be quite full. 
Place the tube horizontally ; the mer- 
y cury will leave the bore below C, fall- 

ing into C. With a very small blow- 
pipe flame soften the tube at that point 
and draw it out, leaving it as at £. 
With a file cut off at E. Place the 
tube in a bath of boiling oil ; the mer- 
cury expands and oozes out at the 
point ; when it has ceased running 
out, close the point with a very small 
flame, increase the strength of the 
point by heating the glass. Let the 
bath cool down. The thermometer 
will now appear as F, and tempera- 
tures can be indicated up to the boil- 
ing-point of oil. If higher tempera- 
tures are needed, boiling sulphur could 
be used ; if lower temperatures, boil 
ing water. 
A scale behind the tube might answer the purpose of one ex< 
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Fig. 4. 
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pcrimenter, but as different persons wish to compare temperatures, 
two fixed points have been agreed upon (see § i). 

7. The Fixed Points. 

It is found that (i) the temperature of melting ice is always 
the same wherever or whenever the experiment is tried ; (a) that 
the steam of boiling water is always at the same temperature 
if the pressure be the same. The standard pressure in England 
is taken as a pressure of 30 indies of mercury on the square inch, 
on the Continent as 760 millimetres of mercury ; that is, the 
barometer must either be standing at 30 inches, or allowance 
must be made for any variation. 

I, The Freezing -Point.— Clean snow or well-pounded ice is 
placed in a vessel (fig. 5). The bulb is inserted, so that it is sur- 
rounded. It islefl for a quarter of an hour 

and moved, so that the thread of mercury 
is seen just above the ice. A scratch is 
made with a file ; this is the freezing-point 
The water from the melted ice escapes at 
the bottom. 

II. The BoiLiNG-PoiNT.— The bulb 
is placed in a metallic vessel (fig. 6}, so 
arranged that the tube is heated by steam. 
By following the direction of the arrows 
it will be seen that the inner tube A is 
prevented from cooling by the steam sur- 
rounding the outside of A. The thermo- 
meter is moved until the mercury is just 
seen above the cork {a) ; when it Is 
stationary a mark is made ; this is called 
the boiling-poinL 

If the barometer be not at 30 inches fic. 5. 

",s made from tables. 



8. The Scale. 

The distance between the fixed points is divided into equal 
parts called degrees. Three methods are followed : — 

I, Fahrenheit Scale. — The freezing-point is called 32", the 
boiling-point 212°. Therefore the distance is divided into 



i8o parts. Fahrenheit believed that his zero, 32° below 
freezing-point, was the lowest temperature experienced on the 
earth. This scale is in common use in England. 



2. Centigrade &a/e. — Freezing-point is 0°, boiling-point 
100°. This is in common use on the Continent and among 
scientific men in England. 

3. Rkaumu}'s Scale. — Freezing-point is 0°, boiling-point 
80°. This scale is in common use iti Germany. 

The divisions are continued above and below the fixed 
points, the divisions below 0° being indicated as —1°, —10°, 
-15°. etc. 

180° Fahrenheitsioo^CentigradesSo" Reaumur .■. i8°F. 
=10'' €.=8" R. 

Examples, II. 

1. How maoy divisions of the Cenligrade scale are equal 10 54 divisions 
of the Fahrenheit .scale on the same thennometer T 

2. On a ceitain Centigrade theimometei 12° measure an inch ; what 
would 12° Fohtenheit measure on the same Ihennonielet ! 
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9. Relation of the Scales. 



Suppose a thermometer gra- 
duated according to each scale. 
To compare the readings when 
the mercury is at a certain height 
xy :— 

Let / r, r be the number of 
degrees according to each scale 

(fig. 7). 



Then 



180 LOO 80' 



because the numerator and 
denominator of each fraction 
represent the same distance ; 



18 



10 




1. A thermometer reads 60° F.; what would its reading be in degrees 
Centigrade ? 

f:i31- L ' 6o-32 _ c 

18 'io "18 io 

2. Chance 1 5^ C. into the Fahrenheit scale. 

nrs 10 •••^ ^ ^ 

3. What is - 18 F. on the Centigrade scale ? 

^-32. c . _i8-32_ c 



18 



10 



18 



10 



10 



.•.^=-gX(--5o)=-27-8^ 



The student can, as an exercise, write down the relation 
between degrees Centigrade and Reaumur. The latter scale 
is of slight importance in England. 
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Examples. III. 

1. Define Heat and Temperature. What is meant by sensible heat ? 

2. What is a Thermometer ? what are the advantages and disadvantages 
of alcohol compared with mercury ? 

3. Describe the construction of a mercurial thermometer. 

4. How are the fixed points on the stem of a mercurial thermometer 
determined ? Into how many parts is the distance between them divided 
on the Fahrenheit scale ? To what temperature on the Centigrade scale 
does 1 79° F. correspond ? 

5. Change the following degrees Centigrade into degrees Fahrenheit : 
50, 10, -7, 180, 32-5. 

6. Express 90°, 30°, 15°, 32°, 180** Fahrenheit in the Centigrade scale. 

10. Other Thermometers. 

For general purposes the mercury thermometer is the 
most convenient It is easily made, it can be produced 
cheaply, and, by making the bore small compared with the 
bulb, it can be made very sensitive. The distinct advantages 
of mercury as a thermometine substance are — 

(i) It can be obtained pure. 

(2) Its expansion is almost regular lor all ordinary tem- 
peratures. 

(3) It freezes at —40° C, and boils at 350° C, and is 
therefore a liquid at all ordinary temperatures. 

(4) It is a good conductor, and therefore the whole of the 
mercury soon attains the temperature of any enclosure. 

(5) It acts quickly, and requires but a small quantity of 
heat to raise its temperature ; that is, its specific heat is small 

(§ 34). 

For special purposes particular thermometers are used. 

{c^ Alcohol Thermometer. — A bulb is filled with 
coloured alcohol as with mercury. It is graduated by placing 
it in baths at different temperatures with a good mercury 
thermometer, and the same readings are marked on the 
alcohol thermometer as are indicated by the mercury ther- 
mometer. It can be used for lower temperatures than mercury. 
Mercury freezes 39° below zero on the Centigrade scale 
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( — 39° C), and is then useless. Alcohol only freezes at 
-150° C. 

\b) Maximum and Minimum Thermometers. — These 
thermometers are for the purpose of registering the highest 
and lowest temperatures during a given period. Rutkerford^s^ 
illustrated in figs. 8 and 9, are hung horizontally. The 
maximum thermometer, A, is a mercury thermometer, the stem 
being bent near the bulb. A small piece of iron, A, moves 
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Fig. 8. 





easily in the tube ; the mercury as it expands pushes the index 
before it ; when the mercury contracts, the iron is left behind, 
as there is no adhesion between iron and mercury. The 
position of the index indicates the maximum temperature ; in 
the figure it is 32*^. The index can be 
moved close to the mercury column by ^ 
the aid of a small magnet 

The minimum thermometer, b, is an b 
alcohol thermometer. The index is a 
hollow piece of glass tubing ; when the 
alcohol expands, it passes through the tube, and does not 
move it ; when it contracts, the end of the alcohol column 
adheres to tlie index, and carries it with it: the end of the 
index, therefore, near the bulb indicates the minimum tem- 
perature 3 in the figure it is 7 degrees below zero. 

In Six's thermometer the tube is bent as in fig. 10. The 
part A is filled with alcohol, and is cut off from the part B by 
a thread of mercury. B contains alcohol and alcohol vapour. 



Fig. 9. 
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Above the mercury in each branch of the tube is a small iron 

index (C and D) covered with glass. Each index slides easily 

in the tube, but by the aid of slight springs 

of glass they are kept upright, and only move 

when a slight pressure is exerted (E, fig. lo). 

The indices are brought into contact with the 

columns of mercury by the help of a small 

magnet. If the alcohol in A expands, the 

mercury in B rises and pushes forward the 

index. When A contracts, the mercury falls, 

but the springs keep the index in position, 

and the mercury easily flows past it. 

Thus the lower part of the index D 

indicates a maximum temperature, 

and the position of the lower part of 

the index C indicates a minimum 

temperature. 

' Examples. IV, 

Conslniclion of Ihermometer. 

1. Why should care be exercised in 
securing a lube of uniform bore ? 

2. What are the objections to construct- 
ing a mercury thermometer and leaving the 

Tig. lo. top of the tube open ? 

3. How is a theimometei filled ? 

4. Why is it necessary lo boil the mercury? 

5. What are meant by 'the fixed points'? what precautions must be 
taken in obtaining the boiling-point? 

6. Change the following degrees C. into F. and R. : 15°, 30^, r7's°, 
0°, ioo=, -30=, -10°. F. intoC. andR.: 180°, 212°, 70°. 60°, -12°. 

7. How would you construct a water Ihermonieier ? how would you 
graduate it? 

8. Under what circumstances is an alcohol tbernionieter used instead of 
a mercurial Ihermometer ? How is an alcohol thermometer graduated ? 

9. What is meant by a 'degree' of heat, say 14 degrees Centigrade? 
What is meant by a change of Ismjieralure ? 
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II. To Test the Position of the Fixed Points 

ON A Thermometer. 

I. Freezing - Point. — Use a common tin instead of the 
apparatus in fig. 5. Punch several holes in the bottom, fill it with 
clean well pounded ice. Insert the 
thermometer, resting the tin on a 
tripod stand. Observe the tem- 
perature. 

Add a little salt and note the 
temperature. 

I I. Boiling - Point. — Insert 
a cork through which passes a glass 
tube into a long test-tube. With a 
small blowpipe fiame soften the 
glass at a (fig. 11) when it is red 
blow through the tube ; a small 
hillock is formed : reheat and blow; 
the hillock breaks and a hole is 
formed. Remove the cork and in- 
sert a cork with two holes ; through 
one pass a thermometer, through 
the other a tube passing nearly to 
the bottom of the test-tube. Sur- 
round the neck of the tube with a 
piece of india-rubber tubing, so that 
it fits tightly into a flask. Boil water in the flask; the thermo- 
meter is surrounded by steam. Note the position of the boiling- 
point Add a little salt to the water and boil again. Place the 
thermometer in the salt and water and observe the temperature, 
also in water containing calcium chloride. 

Example. 

1. Freezing-point with clean ice « 0° C. 

2. „ ,, „ ice and salt= — 10° C. 

3. Boiling-point with steam from water = 100*5° C. Error '5®. 

4. ,, ,, ,, salt and water =ioo*5° C. 

5. ,, ,, ,, calcium chloride and water, the 
thermometer dipping into the water = 107° C. 

Conclusion. — For freezing-point use clean ice. Always 
re-test thermometers with steam from water; on the above 
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thermometer the boiling-point has been marked 's" too low. 
Impurities in water affect the boiling-point of water, but do not 
affect the temperature of the steam from such water. 

The mercurial thermometer can now be used to test 
the temperature of a body. Suppose it touches a piece of 
warm iron, heat flows from the iron to the mercury ; the bulb 
being small, the heat lost by the iron is inappreciable ; soon the 
iron and the thermometer 
are at the same temperature, 
which is practically that of 
the piece of iron. 

With the thermometer test 
the temperature of various 
bodies in the room. Show 
that all are at the same tem- 
perature. Test the tempera- 
ture of bodies placed in an 
oven. Re-read §§ i and 2. 

Attach a tube bent at 
right angles to the apparatus 
(fig. 12) where the steam 
issues, and let the bent tube 
(b) dip into water so that 
the steam issues, say,9 inches 
below the surface of the 
water; boil and notice that 
the temperature rises above 
100° C. The steam is under increased pressure ; this causes 
a rise of temperature. A change in the pressure of the atmo- 
sphere similarly affects the boiling-point, hence the reason for 
noting the height of the barometer when the boiling-point is 
taken. 

Examples. V. 
I. Explain how the fixed poEnts on the stem of a mercutial thermometer 
are obtained. Why is it necessary, in marking the 'upper fixed point,' to 
take note of the height of the barometer F 
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2. Does a thermometer measure heat ? 

3. Give the reason for determining the upper fixed point by means of 
steam rather than by boiling water. 

4. Describe some forms of maximum and minimum thermometers, ex- 
plaining how they act. 

5. A thermometer is graduated so that it reads 15 in melting ice and 
60 in normal steam ; convert into Centigrade degrees the readings 20 and 
90 taken on that thermometer. 



I6 
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CHAPTER II. 

EXPANSION OF SOLIDS AND LIQUIDS, 



13. Coefficient of Linear Expansion. 

Refer again to the experiment in § 3. Let the sketch (fig. 13) 
represent a section of the rod and needle very much enlarged. 

The pointer has moved 30°. 

Suppose that the needle, instead of 

rolling, turns upon an axle. Before turning, 

the points b and V would be in the position 

a. The arc ab = the distance al/. If 

T j /i the diameter of the needle be known and 

^ «J^ the angle be measured, evidently the 

distance aV can be calculated. 

Suppose diameter = i"; the circum- 
ference = 2 X wX ii aV =i arc ab. 




Fig. 



13- 



arc d: ^ = 



TT 



360 12 12 



Thus the elongation could be measured. The elongation 
of a bar is not measured in this way ; the example is given to 
show that the numbers to be afterwards given are the result of 
actual measurements carefully made. 

A bar of iron measuring i foot 6 inches at the temperature of 
melting ice measures i foot 6*036 inches at 100°. 

A number of results such as this would be difficult to re- 
member, and would be of little use for purposes of comparison. 
The increase in length='036 inch=*oo3 foot. 
The original length =1*5 foot. 
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The increase in length for i foot for 100°= — ;-^foot= '002 

foot, and the increase in length for i foot for i°= -00002. If 
we divide the increase in length by the original length and then 

divide by the number of degrees (^?5^_ -*- 100), the same 
^ ° ^ i'5 foot 

numerical result is obtained ; in the latter case the result is 

merely a ratio. This number is called the coefficient of linear 

expansion ; the coefficient of expansion for i® is a number 

obtained by dividing the increase in length for i ° by the original 

length. 

7%^ COEFFICIENT OF LINEAR EXPANSION for I** is the ratio 

of the increase of length when the temperature is raised one degree 
to the original length. 

Examples. VI. 

Find the coefficient of expansion in the following examples : — 

1. A rod of brass at 15^ C. measures 2 feet, at 95° C. it measured 
2*003 feet. 

2. A rod of glass at 10° C. measures 5 feet, at 70^ C. it measures 5*0024 
feet. 

The coefficient of expansion is numerically equal to the 
increase in length of a rod of unit length (i yard, i foot, i 
metre), when its temperature is increased i®. 

It is assumed that the coefficient of expansion for 1° is the 
same at whatever temperature the measurements are made; this 
is practically true, although there is a slight increase in the co- 
efficient of expansion as the temperature rises. 

14. 

A bar of zinc measures 2 feet 3 inches at 52° F. and 2 feet 
3*07 inches at 212® F. Find the coefficient of linear expansion. 

The elongation for (2 1 2 - 5 2)® F. = -07 inch 

1° F ='°7. 

100 

.•. coefficient of expansions -^ inch -5-2 7 inches — •000016. 

160 

c 
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The coefficient of expansion for i° C. 

•ooooic; XQ 
= 5 — ?- = '000029. 

Table of Coefficients of Linear Expansion for i°C 

Glass . . ='0000085= . 

120000 

Platinum , ='0000085= . 

I 20000 

Cast iron . ='ooooi = . 



I 00000 



Wrought iron . ='0000x2 = — ? — , 

85000 

Copper , , =-000017 = — 1- 

50000 

Lead . =000028 = — ? — . 



35000 

Zinc . =-00003 = 

34000 

This table is only approximate; different specimens vary in 
their expansions. It assumes that the expansion from o® to 1° C 

is — . of the expansion from 0° to 100° ; this is nearly true, and 
100 

it is by measuring the expansion for 100** or some such range 

of temperature that the coefficient is generally calculated. 

Calculate the above table for i® F. 

IS- 

A cast-iron tube is 6 feet long in winter when the thermometer 
is at freezing-point : what will be its length on a summer day when 
the temperature is 27° C. ? 

Coefficient of linear expansion of cast iron = 'ooooi, 
the increase in length of i foot for i** = 'ooooi foot, 
„ „ I foot for 27° = '00027 „ 

„ „ 6 feet for 27° = '00x62 „ 

.', length at 27° C. = 6*00x62 feet. 
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A copper bar measures 5 metres at 50** C. ; what will it measure 
at-io°C? 

Coefficient of expansion of copper = -000017. 
The bar cools through 60® C. 

. .'. I metre shortens -001020 metre 

/. 5 » » '0051 „ 

.'. length at — 10° C. = 4*9949 metres. 

Note. — If the coeflScient of linear expansion be given at o*', the accu- 
rate method of working the above examples would be by first calculating 
the ratio of the lengths at two different temperatures. 
Thus, taking the last example, 

I metre at 0° will measure I + ( '000017 x 50) at 50® = I '00085 
I metre at 0° will measure i - ('000017 x 10) at - 10° = '99983 

1-00085 : 5:: '99983 ''X 

X = length at - lo*' C. =4*994904 metres. 

This method is unnecessary in the case of solids save in very accurate 
calculations. 

Examples. VII. 

1. Explain what you mean when you say that the coefficient of linear 
expansion of iron is 0*000012. If an iron yard measure be correct at the 
temperature of melting ice, what will be its error at the temperature of 
boiling water ? 

2. From London to Edinburgh is 400 miles. Suppose the hottest day 
in summer to be 90° F. above the coldest day in winter; find the difference 
in length in the rails laid on the railway. 

3. A rod of brass just fits between two supports ; ice-cold water is 
poured over it and the bar falls. Why is this ? The bar is now heated in 
a boiler and is found to be too long. Why ? 

4. A rod of zinc measures I ft. 3 in. at o^ C. ; what will it measure at 
6° C. ? 

5. A rod of lead, 6 feet long, was fixed between two firm supports on a 
day in winter when the thermometer was 24° F. It was examined later in 
the year and was found bent. Explain why. What allowance should have 
been made so as to avoid buckling when the temperature is 100° F. ? 

6. Telegraph wires sag more in summer than in winter. Why ? Sup- 
pose the distance between two posts to be 80 yards and the wire to be made* 
of copper, what change would there be in the length when the thermometer 
was at 0° C. and 20° C. ? 
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Fig. 14. 



16. The Coefficient of Square Expansion for i° 

_ increase in area for 1° 
*" original area 

Suppose ABCD to be i square foot, 
and that the linear expansion of the 
solid for i'' be represented by Atr ; then 
as the square expands ahcY> will be the 
area after expansion, if there be no 
reason why the body should expand 
more in one direction than another. 

Let the coefficient of linear expan- 
sion be S ; 

V>abc = ABCD + twice strip a^ + small square B^. 

Strip flB is i foot long and I foot wide; its area = I square 
foot 

Square B^ = 8 x 2 = o^ square foot ; 

.'. T>abc = (i + 2^+5^) square foot 

If I be very small compared with i foot, by saying 

Xiabc=' (1 + 20) square foot, a very small error will be made. 

Then coefficient of square expansion for i** 

_ 23 square foot (increase) __ ^ . 
""i square foot (original area)"" ^ 

that is, twice the coefficient of linear expansion. 

Zinc has the greatest coefficient of expansion among the 
ordinary metals. 

A square of zinc i foot side on being heated expands so 
that its side becomes i'oooo3 square foot ; 

.'. new area = (1*00003)^ = i '0000600009 square foot 

By neglecting 3^ the amount •0000000009 square ft is neglected, 
an amount far too small to be noticed 

Examples. VIII. 

1. Write oat a table of the coefficients of square expansion. 

2. A square brass plate has 2 feet side at o^ C. Find its area at 15° C. 
Coefficient of linear expansion of brass = '000019. 



Expansion of Solids and Liquids 



21 




Fig. 15. 



3. A square of glass fits tightly into a frame in winter. On a warm 
day it suddenly cracks. Why ? 

17. The Coefficient of Cubical Expansion is the ratio 
of the increase of the volume of a substance for 1° to the original 
volume. 

Imagine a cube of i foot side 
(cube with thick lines) ; if it expand 
so that each side becomes (1 + 8) foot, 
its volume becomes (1 + 8)' cubic 
foot 

The cube after expansion is made 
up of the original cube + 3 square 
slabs (A2, A3, As are the diagonals) 
having bases of i square foot and each 
a thickness of 8 foot, each on one face 
of the original cube + 3 strips (a sec- 
tion of each is shown), each i foot 
long, and a base 8^ square foot + the small cube, whose side is 
I foot; .'. volume after expansion = (i +35 + 3^^ + 3^) cubic 
foot. The small cube l^ and the three strips are small compared 
with the original cube, and if I be very small these quan- 
tities can be neglected and we can write. 

Volume after expansion = 1 + 3^, 

.'. coefficient of cubical expansion = 3 cup^<^ ^^ -- ^,1 

I cubic foot 

= three times the coefficient of linear expansion. 

To test whether this can be accepted in the case of the 
cubical expansion of solids : — 

I foot of zinc at 0° = 1*00003 foot at 1°, 
/. a cube i foot side at 0° = (1*00003)3 foot at 1° 

= 1*000090002700027 cubic foot 
= 1*00009 nearly 
= I + (*oooo3 X 3) ; 

by neglecting the small square *ooooooooooooo27 is neglected, 

„ „ three small strips *oooooooo27 „ „ 

both quantities being very small compared with one cubic foot; 
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.*. coefficient of cubical expansion of zinc 

'00005 X 3 . 
= ^ — ^ = '00009, 

or three times the coefficient of linear expansion. 

The coefficients of cubical expansion obtained by other 
methods agree with the number obtained by multiplying the 
coefficient of linear expansion by 3. 

FoRMULiE. — Until the student has mastered the general 
principles of expansion, he should avoid all formulae ; after- 
wards it will be more expeditious to use them. 

{a) Linear expansion. 

Let Lo be the length at 0°, and k be the coefficient of 
linear expansion ; then at /° the length is Lo(i + kf). 

L, = Lo(i+^/); 
similarly, L^^ = Lo(i + kt^ ; 

because ^ is a small fraction. 

.-. L, = L,J I +^(/ -/,)}. 

(^) Cubical expansion. 
If V represent volume — 

V, = V„(i + sk/), 
v., = Vo(i + 3M), 
andV, = V,/i + 3^(/-A). 

Examples. IX. 

1. Make a table for the coefficients of cubical expansion from the table 
in § 14. 

2. The coefficient of linear expansion of copper is '000017, a cube of 
copper of I ft. side at 0° C. has a volume of i + (3 X '000017) cubic foot 
nearly at i^ ; what error is made ? 

3. Suppose a substance has a coefficient of linear expansion 'i ; should 
we be justified in saying the coefficient of cubical expansion was '3? 
Why not? 

4. A glass vessel contains 120 cubic inches at 0°. Find its volume at 
100® C. 

5. A cube of copper measures i ft. side at 15° C. Find its volume at 
180° C. 

6. Water-pipes are fitted by telescopic joints. WTiy ? 
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7. What would be the effect of fixing firmly the ends of furnace bars? 

8. A glass bottle holds, when quite full at the temperature of melting 
ice, 20 cubic inches of ice-cold water. How many cubic inches of boiling 
water will it hold, the bottle as well as the water being at 100° C. ? (Co- 
efficient of linear expansion of glass = •ooocx>9. ) 

18. The Expansion of Liquids. 

It is only possible to measure the expansion of liquids in 
volume ; that is, the cubical expansion. 

The expansion of the liquid demonstrated in Chap. I. § 4 
evidently was less than the real expansion, as the expansion of 
the glass caused the column to stand lower in the tube than it 
would have stood if the glass had not expanded. Generally 
the apparent expansion of a liquid is measured. 

To Find the Apparent Expansion of a Liquid. 

In order to find the apparent expansion of a liquid, a ther- 
mometer-tube is taken, whose capacity up to a certain division 
on the stem, and also the capacity of any length of the stem, 
is known at a particular temperature. The tube is filled with 
the liquid at this temperature to an observed division, and the 
volume calculated. It is now placed in a bath, heated to an 
observed temperature ; the rise is noticed, and the increase in 
volume ascertained. 

/ Increase in volume ^ ^^ «= . ^ r ^ • r 

( —. — ; — i 1 = coefficient of apparent expansion for 

\ original volume / jnr ir 

a given number of degrees. 

Instead of measuring the volume, the following plan is 
followed : — 

Close one end of a piece of glass tubing 8" long, f ' wide ; 
draw out the other end and bend it as in fig. 16, leaving a very 
fine hole ; weigh it, warm 
the bulb with the point 
dipped into mercury ; 
on cooling, the mercury 
enters. Repeat this ; 
ultimately boil the mer- 
cury ; when the tube 
cools it will be- filled with mercury. Let it cool down to the 
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temperature of the room, the point dipping into mercury; 
weigh again. 

Make a cage of open wire gauze to contain the tube, and place 
it in a steam bath, catching the mercury that is forced out in a 
weighed capsule ; when no more is forced out, let it cool and 
weigh. 

Example. 

At 15° C, tube+mercury = i92'3 grams, 

tube= 1 5 '6 grams; 

•*. weight of mercury = 1767 grams. 
At 100° C, tube+mercury = 190*0 grams, 

tube= 15*6 grams, 

.'. weight of mercury =174-4 grams ; 
/. 174*4 grams of mercury at 15° expand so as to occupy, at 
100°, the volume of 1767 grams at 15°, .'. expansion for i 

gram = ^ • 



i74'4 
•'. coefficient of apparent expansion = ;— ^ — — = '000153. 

The above instrument is called a weight thermometer, 

because from the weight of mercury expelled the temperature 

can be calculated. In this particular thermometer 2*3 grams 

are expelled when the temperature rises 85°; that is, 0*027 

gram is expelled when the temperature rises i°. If, then, 

the thermometer be filled when the temperature of the room 

be say 16°, and it be placed in an enclosure at a higher 

temperature, and we collect the mercury expelled, say 1*8 

1*8 

gram, then the temperature of the enclosure is degrees 

0*027 

above the room ; that is, temperature is (16 + 66*7)° = 82*7'' C. 

Absolute and Apparent Expansion. 

In experiments, since the glass envelope expands, we 
measure the apparent expansion ; the following considerations 
will show us how we may deduce the absolute expansion. 



Expansion of Solids and Liquids 



25 



Let ABCD {a) represent a carefully graduated glass tube, 
that contains mercury up to the level EF, let EFCD represent 
exactly some volume (i cubic 



inch, I cubic centimetre, etc), 
and suppose the temperature 
of the glass and mercury to be 
o° C. ' Let the whole be placed 
in steam at ioo°. 

(i) Imagine that the glass 
does not expand, and that the 
mercury rises to ef (b). Then 
^, . volume efEF . ^, 

*" "^^'^ volume EFCD "^ '^'^ 
real or absolute expansion for 
1 00° Since EFCD = i unit 
of volume, efEF numerically 
represents the real or abso- 
lute expansion for loo^ Call 
this A. 

(2) Imagine that the glass 
tube does expand, as it will do 
in an actual experiment; the 
level reached by the mercury 
will not be the same as before, 
but will be lower on account 
of the expansion of the glass, 
then — 



AB 



AB 



E 



E 



1 



AB 



P 



f 

F 
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CD 


CD 


CD 


(a) 


(b) 

Fig. 17. 


(c) 



Let the level be gh (c) ; 



volume Fi^EF 

volume EFCD = ^PP^^'^^^ expansion for 100° ; 

or, since EFCD on the graduated tube reads i unit of volume, 
^^EF is numerically equal to the apparent expansion for 100°. 
Represent ^-^EF by D. 

In this second case EFCD does not really represent 
I unit of volume, because the glass has expanded ; its true 
volume will be — 

I + expansion of glass for 100°, 
or (if G represent the expansion of glass for 100°) i + G, 
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that is, every unit of volume on the graduated tube represents 
(i +G) units; 

.'. D represents D X (i + G) units, 

and the volume ^^CD, that apparently is i + D, is really — 

(I + D)(i;:+ G). 

But the real volume of the mercury will be the same in both 

cases ; 

.-. (i + A) = (I + D)(i + G) 

= I + D + G + GD. 
G and D are both small fractions compared with unity, and 
therefore we may for all practical purposes neglect their 
product GD If we do this — 

I +A = I +D + G; 
.-. A = D + G, 

or the absolute expansion is equal to the sum of the apparent 
expansion and the expansion of the envelope. 

With the same restrictions, this will apply more accurately 
to the expansion for i°, and therefore the coefficient of abso- 
lute expansion of a liquid is equal to the sum of the co- 
efficient of apparent expansion of the liquid and the coefficient 
of cubical expansion of the envelope. 

The coefficient of the absolute expansion of mercury has 
been found, by a method that wiU not be explained here, to be 
about Y^yj or 'oooiS. 

From the above example, since — 
Absolute expansion = apparent expansion + expansion of 

the vessel. 
The coefficient of expansion of glass = 'oooiS — •000153 = 
•000027. 

That is, by using the coefficient of absolute expansion of mer- 
cury and measuring the coefficient of apparent expansion, the 
coefficient of expansion of glass can be calculated. By ex- 
perimenting with any other liquid in this glass vessel we can 
find the coefficient of apparent expansion of the liquid ; then — 

coefficient of abso-] 



lute expansion \ = 
of the liquid j 



coefficient of appa-l [coefficient of ex- 
rent expansion! +1 pansion of 
of the liquid j i glass. 
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Examples. X. 

1. What is meant by the real or absolute expansion, and what by the 
apparent expansion of a liquid ? Which is the greater, and why ? The 
coefficient of expansion of mercury being 5^, and its coefficient of apparent 
expansion in a glass vessel being ^^^ find the coefficient of cubical expan- 
sion of glass. 

2. By using a weight-thermometer, the coefficient of apparent expansion 
of glycerine was found to be '000488. The expansion of glass had been 
previously found to be 'ocxway. Find the coefficient of absolute expansion 
of glycerine. 

19. Peculiarity in the Expansion of Water. 

Take the apparatus shown in fig. 3 ; heat the flask until the water 
runs out at the top, then place it in a mixture of ice and observe the 
movement of the fluid in the tube as it cools. There is a gradual 
descent for some time, then an ascent, and ultimately it remains 
stationary. Remove the flask and place it in warm water; the 
reverse takes place — a slight descent, then a gradual ascent. 

The meaning evidently is that water, in cooling, contracts to 
a certain temperature and then expands ; that is, a cubic inch 
of water will weigh more at some temperature above freezing- 
point than a cubic inch at any other temperature. The mass 
of a unit volume is called the density of the substance. Then 
the density of water at this particular temperature is greater 
than at any other temperature. This temperature, at which 
water has its maximum density, has been determined to be 4° C. 
or 39 '2° F. 

Repeat the above experiment by placing a thermometer 
through the cork, and when the water is at 0° C. place all in 
ordinary water, and notice the indication of the thermometer 
when the water is at its maximum density. 

Ice floats in water ; therefore ice, bulk for bulk, is lighter 
than water, that is, water expands on freezing. 

Melt paraffin in a test-tube ; throw pieces of solid paraffin 
in : the pieces sink ; therefore paraffin contracts in freezing 
(solidifying). 

Examples. XI. 
I. What is meant by the density of ice-cold water ? Does the density of 
ice>cold water change when the water is warmed, and, if so, in what way? 
By what experiment would you find out whether any change in density 
occurs under these circumstances 
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2. How would you show that brass expands when heated ? ' 

3. Water is said to have its maximum density at 4^ C. Explain what 
this means. 

4. In what respects is the behaviour of mercury different from that of 
water when both are gradually warmed from 0° C. ? 

20. Results of this Behaviour of Water. 

In winter the surfaces of ponds and lakes lose heat. The 
surface water being, bulk for bulk, heavier than that below, 
sinks; this goes on until the whole pond is at 4° C. The 
surface water cools, but it is now less dense than the water 
below ; it therefore floats, its temperature falls until it freezes, 
and the ice, as we know^ floats. If water were like paraffin 
or iron, the surface water would, down to freezing-point, be 
heavier than the deeper water ; thus the whole pond would be 
reduced to 0° C, a temperature that would destroy much of 
the animal life that now exists at 4° C. If it still contracted 
on freezing, layer after layer of ice would sink, until the whole 
pond would be a mass of ice. 

21. Force of Expansion and Contraction. 

Solids and liquids not only expand and contract, but they 
do work in so doing. 

AB is an iron bar passing through sockets in a strong cast-iron 
frame, CD. The iron bar has a hole at one end, through which passes 

a small rod, F, of cast iron. 
t§^ At the other end is a screw- 
thread on which a nut, N, 
with two arms, works. The 
rod is heated, placed in its 
socket, the rod F inserted, 
and the nut screwed up 
tightly. As the temperature falls, the bar contracts, and the force 
is sufficient to break the rod of cast iron. 

Draw out a test-tube ; when cool fill it with water, and close 
the end by a small flame. Wrap it in iron gauze or flannel ; 
place it in a jug of warm water. The water expands with sufficient 
force to break the glass. 

The force exerted is enormous ; an iron rod i square inch in 
section, in cooling through 9*^ C, would exert a force of i ton. 



[ 
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] 



Fig. z8. 
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22. Effects of Expansion and Contraction of Solids. 

Walls that have bulged out have had iron bars placed so 
that they passed across the building through the walls ; at each 
end a nut was screwed close up to the wall : alternate bars 
were heated; they expanded and the nuts were screwed up 
further (see experiment in last section). On cooling, the force 
was sufficient to pull the walls closer together ; the other bars 
were now heated, the nuts screwed up, and the bars allowed 
to cool. By this means the walls were restored to their 
vertical position. 

The iron tyres of wheels are placed on red-hot and fit 
loosely; on cooling they secure tightly the woodwork. The 
case of iron bridges and iron rails has been referred to. 

Compare in § 14 the coefficients of expansion of glass and 
of platinum. Place a piece of platinum wire in a fine opening 
in a glass tube ; heat until the glass softens and closes round the 
platinum ; when it cools the joining is perfect, because the co- 
efficients of expansion are the same for the two bodies. Try 
the experiment with an iron wire or a brass wire. 

23. Compensating Pendulums. 

Any alteration in the length of the pendulum affects the 
time of the clock. But, as solids expand and contract, if 
accuracy be needed, a plan must be devised to keep the 
length of the pendulum constant Pendulums so constructed 
that they do not alter their number of swings per second as 
the temperature changes are called compensating pendulums. 
The principal kinds are : — 

1. •Graham's, — The *bob* consists of a glass vessel con- 
taining mercury. If the temperature increases the rod ex- 
pands. The mercury also expands and rises in the vessel. 
They are so arranged that the distance of the centre of oscilla- 
tion from the point of suspension does not change. 

2. HarrisofCs Gridiron Pendulum. — tf, ^, ^, d are rods of 
steel ; ^, ^ are brass. If the temperature rise, ^, 3, r, and d 
expand and force the *bob* farther from the point of suspen- 
sion, h and k^ in expanding, lift the crosspiece nm^ and thus 
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lift the ' bob.' d passes freely through the hole in ro. The 
result is that h, k compensate the effect of a, b, c, d. 

Coefficient of linear expansion of brass 
= •000019. 

Coef&cient of linear expansion of steel 

Then the length of brass should be to the 
length of steel as 11 : ig, if they are to com- 
pensate each other, c and b act like one rod, 
as also do k and k ; 



If^equal 11 units, f = ii+, it is evident 
that d must be less than 11. In fact the 
figure illustrates the principle, but it is not 
the figure of a real compensating pendulum : 
more bars are needed. As an exercise, con- 
struct a compensating pendulum with 5 steel 
and 4 brass rods. 

24. The Balance Wheel. 

Solder a strip of brass and a strip of zinc 
together ; hammer them until they are str^ght 
Heat the compound bar; it bends, the 
Fio- '9- brass being on the concave side. 

Coefficient of expansion of brass = '00001 9. 
„ „ zinc =000030. 

The zinc expands more than the brass, and therefore forms 
the convex side of the bend. 

The rate of a chronometer depends upon the mass of the 
balance wheel, and the distance of the circumference from the 
centre. The parts B C are made up of a compound strip like 
the above, the metal having the highest coefficient of expansion 
"n the outside (fig. ao). 

When heated the radius A expands, and the chronometer 
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would lose time; but as the heat also causes the strips BC 
to curve inwards, the masses D are brought nearer the centre, 
and this compensates for the extension of A, A. 

Solids, as a rule, expand as they are 
heated; stretched india-rubber, apparently, 
is an exception. It contracts in length d^ 
when heated ; its total volume increases. 

Example. XII. 

1. A pond is just about to freeze ; wiU the sur- 
face water or the water at the bottom be the warmer? y\q. 20. 
Why? 

2. How would you find the apparent expansion of oil ? 

3. Describe what takes place when a cubic foot of water is cooled down 
from 30^ C. to 0° C. Draw it at its most important temperatures. 

4. Explain how to determine the coefficient of apparent expansion of a 
liquid contained in a glass bulb. 

5. Describe a way of showing the unequal linear expansions of solids 
by heat. Explain how this unequal expansion is made use of in the 
gridiron pendulum. 

6. The rim of the balance-wheel of a watch is made up of rings of two 
different metals, one outside the other, and is cut at two points ; explain 
how it is possible for the rate of the watch to be the same in hot and cold 
weather. 

7. Two iron bottles are filled with water at 4° C. and plugged. One 
is placed in warm water, the other in a mixture of ice and salt What takes 
place in both cases ? Why ? 

8. Draw two vertical lines, 12" apart, to represent rods : one, 12" long, 
is copper; the other, 17" long, is wrought iron. Join the tops, measure 
the distance, and determine how this distance would change as the rods 
are heated. 

9. Explain how to construct a seconds pendulum which shall keep 
correct time in hot or cold weather. 

10. Describe a gridiron pendulum made of zinc and iron bars. What 
is the ratio between the lengths of the bars of the two metals ? 

11. How would you prove that zinc expands more than copper when 
rods of the two metals are heated through the same range of temperature ? 

12. Describe in detail some device for keeping constant the rate of a 
clock in spite of the variations of temperature. 



CHAPTER III. 

THE PRESSURE OF THE ATMOSPHERE—THE 

EXPANSION OF GASES. 

25. To Measure the Pressure of the Atmosphere. 

Fill a bottle with water; 
place a piece of paper over 
the mouth, and press it firmly 
to the bottle with the hand : 
invert the bottle and remove 
the hand ; the water does not 
nin out. The pressure of the 



atmosphere is greater than the 

pressure of the mass of water. 

This atmospheric pressure is 

exerted in all directions ; in 

the experiment it acts upwards. 

Repeat the experiment, using a 

tumbler and a sheet of card- ''"^ '* 

board(% 3i). Attempts to perform the experiment when air 

is in the vessel fail. 
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Torricelli^s Experiment — Take a clean tube \ inch internal 
bore, 32 inches long, and close one end. Fill it with clean 
dry mercury, place one thumb over the end, and invert in a 
dish of mercury (fig. 22). The space above the mercury is 
filled with the vapour of mercury. Measure the height of the 
mercury in the tube above the mercury in the vessel ; in an 
experiment it was 30 inches. By a principle of hydrostatics the 
pressure of 30 inches of mercury is supported by the pressure 
of a column of the atmosphere, whose height is the height of 
the atmosphere, and whose base is the same area as the base of 
the tube. 

Suppose the section of the tube to be i square inch ; the 
pressure of the atmosphere in lbs. on i square inch = the 
pressure of 30 cubic inches of mercury on i square inch. 

I cubic inch of mercury weighs 0*49 lb. ; 
/. the pressure of the atmosphere in lbs. per square inch 
= 30 X o*49 lbs. = 147 lbs. per square inch. 

The height of the column of mercury changes as the pres- 
sure of the atmosphere changes. 

This instrument is called a Barometer. 

Notice the meaning given to the expression ' a pressure of 
30 inches of mercury.' 

If water were used instead of mercury, 
the water would leave the top of the tube 
when the tube was more than (30X i3"6) 
inches high, 13*6 being the specific gravity 
of mercury. 

26. The Effect of Varying 
Pressure on a Gas. 

Close one end of a tube \ inch bore,so'' 
long, and bend it as in fig. 23 ; the short 
limb should be about 7 inches. Fasten 
the tube to a vertical board. Place a 
small fimnel in the open end Pour a little 
mercury down, so that it stands the same 
height in both limbs. A portion of air in the short limb is cut off 

D 




Fig. 93. 
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•from the external air; it is at the pressure of the atmo- 
sphere, because the mercury is the same height in each limb. 
With the barometer carefully measure what this pressure is. 
Measure the height of the air in the short limb, adjust a milli- 
metre scale to both limbs so that o is on a level with the mer- 
cury. Pour mercury into the funnel; after a minute measure 
the height in the short limb, also the height of the mercury in 
the long limb above the level in the short limb. The air in 
the short limb is now subject to a pressure of the atmosphere 
together with the pressure of this last measured height of 
mercury. Make several measurements in millimetres. 





v 

Volume 


(a) Pressure 
of Mercury 


{J>) Barometer Total 
Pressure of Pressure 
Atmosphere i Ps(a+^) 


VxP 


1 ! 221 

2 176 

3 "2 

4 102 

5 95 


143 

378 

1023 

1200 

1346 


756 
>> 

,» 


899 

"34 

1779 

1956 
2102 


198,679 

199,584 
199,248 

199,512 

199,690 


Average .... 


199,428 



In number 3 the volume is about one half of number i. 
The pressure is about twice the pressure in number i. In 
halving the volume the pressure has been doubled In each 
case multiply the volume by the total pressure ; the result is 
in the fifth column. 

Allowing for errors of experiment, we obtain the law : 

In a gaSy when the temperature is constant the product of 
volume and pressure is a constant. 

Or, the volume varies inversely as the pressure. This is 
known as Boyle's or Marriotte's Law. 

The volume was treated as a height. It was of course under- 
stood that the volume was height x area of section of tube. As 
the tube was of uniform bore, the volume was proportional to 
the height. 

The law also holds good when the pressure is less than 
that of the atmosphere. 
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To see the reason for the phrase ' temperature is constant,' 
pour wann water over the short limb and notice the change. 

A gas measures 200 cubic centimetres when the pressure is one atmo- 
sphere; what will it measure when the pressure is 5 altnospberes, if the 
temperature remain constant? 

By Boyle's law volume x pressure = constant. In this case 
constant is 200 x 1 = 200, 

.■, new volume xs = 200, 

.'. new volume = 40 cubic centimetres. 

The law is similar to the following : Suppose a man with 
iooo<^ amuses himself by purchasing horses at various prices ; 
evidently the number of horses is 
determined by the price of each 
horse, that is 

Price per horse x number of horses 
= 1000/. (a constant). 

The weakness of the various 
thermometers as long as they were 
open to the pressure of the atmo- 
sphere is now evident; the volume 
of the liquid or gas would change 
with the change of pressure, and 
this change would confuse the 
results of the thermometer as to 
temperature. (See S 7.) 

37. The Expansion of Gases. 
Pass a narrow tube iS" long 
through a cork, and insert the coik 
in a 2-ounce flask. Invert the flask 
(fig. 24), dipping the tube into a 
beaker contmning coloured water. 
Warm the 2-ounce flask so as to ' '*" 

expel a little air ; the coloured water rises in the tube, and its 
movements show the effect of change of temperature upon the 
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confined air. The apparatus forms a simple Air Thermometer. 
It could be graduated by placing a mercurial thermometer 
near it and noting the position of the water at two tempera- 
tures (for example, the temperature of the room and that of 
a warm cupboard), and dividing the scale accordingly. 

Air expands on being heated ; by filling the flask with coal 
gas, hydrogen, etc., it can be shown that this is true of all 
gases. 

If the volume of the flask and part of the tube filled with 
air were known, also the volume of any length of the tube, 
then by observing the distance the water is depressed when 
the air thermometer is heated, say 5°, we obtain 

, /v- . . r • /. increase of volume 

the coefficient of expansion for i = — ■:—. — ; — -. : — . 

^ original volume X S 

By experiments with various gases it is found 

Thai all dry gases have the same coefficient of expansion if 
the pressure remain the same. 

Like Boyle's law and other laws deduced fi-om experiment, 
this is not exactly true, but it is sufficiently true for all ordinary 
purposes if the temperature do not greatly exceed 100° C. 

Experiments have shown that this law, called Charles' law, 
may be written : 

In any dry gas^ whatever the pressure may he^ the volume is 
increased ^|^ of its volume {or '003665) for every increase of 
one degree Centigrade of temperature^ always measuring from 
freezing-point, 

28. Absolute Temperature. 

The regular expansion of dry air (or gas) has suggested its 
use as a thermometric substance; the objection to it is that 
corrections must be made for the barometric changes. If two 
air thermometers were constructed so that they agreed at 0° 
and 100° and were then graduated, they would agree at any 
intermediate temperature ; this would not be the case with a 
mercurial and an alcohoLthermometer. 

By Charles' law, if the freezing-point on an air thermometer 
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be 273 inches above the bottom of a unifonn tube, at a 
temperature of -60° the index would be 213 inches from the 
bottom, and evidently at a temperature of —273° the index 
would touch the bottom. It is never expected that this tem- 
perature will be reached, nor is it probable that the air or gas 
would remain as a gas. It is convenient to call this tempera- 
ture (—273° C.) the Absolute Zero of the air thermometer^ 
and temperatures measured from this zero are called Absolute 
Temperatures. The absolute temperature is obtained by 
adding 273 to the reading on the Centigrade scale. 



Examples. XIIL 

1. State the law governing the expansion of a gas at constant tempera- 
ture under varying pressures, and show how the law may be proved experi- 
mentally. 

2. Fifty cubic feet of air are enclosed in a cylinder, the pressure on the 
piston being 200 lbs. weight; 800 lbs. more are added: find the new 
volume, supposing that the temperature remains constant 

3. A gas measures 320 cubic cm. under a certain pressure ; the pressure 
is trebled. Find the new volume (temperature constant). Why are the 
words in brackets inserted ? 



29. The Fire Syringe. 

Dip a little cotton wool in a few drops of carbon disulphide, 
and place it in the fire syringe ; shake it in the tube a few times, 
insert the piston, and compress the imprisoned air suddenly; a 
flash is seen, showing that heat has been evolved. German tindet 
may be ignited in the same way. 

Clean the tube thoroughly and insert a piece of cotton wool 
moistened with water ; push the piston down and allow it to stand 
for a few minutes; withdraw it suddenly ; the air expanding cools, 
and moisture is deposited. 

If a gas be suddenly compressed its temperature rises ; if 
it be suddenly rarefied the temperature falls. 

In the experiments upon Boyle's law, the gas is compressed 
slowly and the heat is allowed to escape before the reading is 
taken. 
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30. Leslie's Differential Thi 
Fit two 2-Dunce flasks each with a good cork, each cork having 
two holes. A piece of glass tubing 24" long is bent as in fig- 25 ; 
coloured nrater is drawn into the bend, and the 
tube is inserted in the corks. A glass stopper 
is placed in each of the other holes. By using 
these stoppers arrange that the liquid stands 
the same height in each limb. Fasten the 
thermometer to a board. 

If one bulb be subject to a greater 
temperature than the other, the index of 
coloured watei moves. Affix a scale and 
call the level of the water in each limb o. 
Place the bulbs in two baths of water, one 
5" higher than the other ; call the position 
of the water 5, and divide the scale between 

and 5. 

The thermometer does not indicate the 
actual temperature; it shows differttues of 
Fig. aj. temperature, and is very sensitive. 

31. Examples of Charles' Law. 

One cubic inch of a gas at 0° becomes 

1 I + — I cubic inch at 1°, 



(■ 



- }- — I cubic iuch al 



cubic inch at <,if ; 



01 £73 cubic inches of gas at 0° become 

274 cubic inches at 1°, 

283 „ „ 10°, 

329 .. >. 56°. 

A gas measures 160 cubic metres at 0° C. ; what will it measure at 15° 
C. if the pressure remain constant ? 
373 cubic inches at 0° C. become 288 cubic inches at 15° C. ; 

.'. 160 cubic inches become = ii58'8 cubic inches. 
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A gas measures 1000 litres at 15° C. ; find the volume at 27^ C if the 
pressure remain constant. 

273 cubic inches at 0° C. become 288 cubic inches at 15° C 

and 300 cubic inches at 29° C. ; 

/. 288 cubic inches at 15° C. become 300 cubic inches at 27° C. ; 

1000 X 300 o ^ 

/. 1000 litres at 15° C. become -^ cub. ins. at 27 C. 

^ 288 ' 

Examples. XIV. 

1. 180 cuhic inches of hydrogen are measured at o®; what will be the 
volume at 15^ C. if the pressure he constant ? 

2. 250 cuhic feet of air are measured at 15^ C. ; what volume will it 
occupy at 20° C, pressure constant? 

3. State Boyle's law. A given quantity of air occupies a volume of 600 
cuhic inches at a temperature of 20° C. ; find the volume which the air will 
occupy at 100° C, supposing the pressure to remain constant. (The co- 
efficient of expansion of air is '003665.) 

32. The Effect of Heat on the Density of Substances. 

The density of a body is the mass of unit volume. 

One cubic inch of water at 60° F. weighs 253 grains. The 

density of water is 253 when an inch and a grain are the units. 

One cubic centimetre of water at 4° C. weighs one gram. 
If I ccm. of water at 4° be heated to 100°, its volume 

becomes 1*043 c.cm. Its mass has not altered, that is, there is 

the same quantity of matter. 

.'. at 100° C. 1*043 ccm. weighs i gram; 
.% at 100° C. I ccm. weighs gram = 'Zd gram : 

^ 1*043 w ^ 

/. the density of water at 100° is '86 gram. 

Knowing the coefficient of expansion, the density at any 
temperature can be calculated. 

Or generally, if V©, V«, Vt, be the volumes of a substance 
at 0°, f and T', and Do, D„ Dt be the densities at 0°, /°, and T° 
Then, because the mass M does not change during expansion, 
and mass = volume X density — 

M = VoDo = VA=VtDx, 
that is, V, : Vx : : Dt : D^, 
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or densities are inversely as the volumes. If K be the co- 
efficient of cubic expansion — 

V, = V,(i + K/), • 
. Dj _ Vj _ V.(i + YJ) _ i+K/ 
•• D, - Vi - V,(i + KT) - I + KT' 

and seeing that K is small compared with tmity — 

Dt = D,{i + K(/-T)}. 

Worked Examples. 

If one cubic foot of zinc at o^ C. weighs 6900 ounces, find the weight of 
I cubic foot of zinc at 100° C. 

The coefficient of linear expansion of zinc = '00003 ; 
.'. I '009 cubic ft. at 100° weighs 6900 ounces ; 

.*. I cubic foot at 100° weighs — — ounces : 

o I '009 ' 

.'. density at ioo° = 6838'4 ounces. 

The diflference for 100° is so small ( — - — ] that it can 

V 11500/ 

generally be neglected in the case of all metals, zinc having the 
highest coefficient of expansion among the metals. 

In liquids the coefficient of expansion is greater, and fre- 
quently the effect of temperature on the density has to be 
taken into account 

Seven cubic feet of water at 4° C. weigh 7000 ounces ; what will the 
same volume weigh at 100® C, the coefficient of dilatation of water between 
4*^ and 100° being '043 ? 

7 cubic feet at 4° become (7 X i'043) cubic feet = 7*301 at 

o 

100 ; 

, . I. o . , 7000x7 , 
/. 7 cubic feet at 100 weigh ~ = 6711 ounces. 

100 cubic inches of air at o^ C. weigh 31 grains ; what will the same 
volume weigh at 90^ C. ? 

The coefficient of expansion of gases always measured from 

0° C. = — = nearly = •00367. 

273 3000 ^ ^ 
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100 cubic inches at 0°= 100 ( i + ] cubic inches 

V 3000 ) 

= cubic inches at 00° : 

30 ^ ' 

:. 100 cubic inches at 90° weigh grains 

30 
31 X 100 

= 22*3 grains. 

One litre of a gas weighs 2 grams at 100^ C. ; find the weight of a litre 
of the gas at 10^, if the pressure has not changed. 

(273 + 100) litres at 100° C. become (273 + 10) litres at 
10° C. 

o ^ , 1X283 _ 

I litre at 100 C. becomes — - — at 10 . 

373 

r* *. o . u 2X373 

I litre at 10 weighs — ^^-^ grams 
= 27 grams. 

Examples. XV. 

1. 50 cubic inches of a gas weigh 16 grains at o^ ; what will the same 
volume weigh at 80® C. ? 

2. Ii'i6 litres of oxygen weigh 16 grams at 0° C. ; what will 10 litres 
weigh at 15°, pressure constant? 

33. The Effect of Change of Pressure on 

THE Density. 

In both liquids and solids the effect of change of pres- 
sure is so small in changing the volume that it need not be 
considered. In gases the coefficient of expansion is high, and 
also change of pressure produces change of volume (Boyle's 
law). 

One litre of carbonic acid weighs 1*8 gram when the pressure is I 
atmosphere. Find the weight of i litre when the pressure is 2 atmospheres. 
Temperature constant. 

Its weight when the pressure is 2 atmospheres is the same, 
but its volume is now i litre ; 

.'. I litre at a pressure of 2 atmospheres weighs 3*6 grams. 
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lOO litres of air weigh 129-3 grams at 760 mm. pressure. Find the 
weight of 100 litres at a pressure of 1000 mm. Temperature constant. 

100X760 . 

100 litres at 760 mm. pressure become ^^^^ litres at 

1000 mm. pressure = 76 litres; 

120'^ X 100 
.-. 100 litres weigh -^-^^ grams = 170-1 grams; 

. density at 760 mm. pressure _ 129-3 
''^- „ 1000 „ lyo-i* 

100 cubic inches of air weigh 31 grains at 0° C. What will be the 
weight of the same volume of air at 20° C, and the pressure \ of its 

original amount, coefficient of expansion being r^^? 

(i) Effect of Temperature.— 100 cubic inches of air at 0° C. 

become loo ( i + ? ) cubic inches at 20° C. 

\ 3000 / 

(2) Effect of Pressure.— Tht pressure being | of original 

pressure, by Boyle's law the volume will be 3 times the original 

amount ; 

.-. new volume = 3 x 100 ( i + !Li21i2) cubic inches 

*^ \ 3000 / 

= 5^^ = 322 cubic inches ; 
10 ** 

31 X 100 
.*. 100 cubic inches of air at 20° C. weigh — — grams 

= 9*6 grains. 

Examples. XVI. 

The coefficient of expansion of air is — . 

1. If a litre of atmospheric air at the temperature of 0° C, and pressure 
of 76 centimetres of mercury, have a mass of 1-293 gram, determine 
the mass of a cubic metre of air measured at the temperature of 50° C. 
and 50 centimetres pressure. 

2. A volume of 64 cubic feet of air under a pressure of 29-4 inches of 
mercury and at a temperature of 15° C. is heated to a temperature of 100® 
C, and the pressure is mcreased to 30 inches ; find the resulting volume. 

3. What relation exists between the temperature, pressure, and volume 
of a given quantity of gas ? A cubic foot of air at the temperature 100° C 
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is cooled down to o% and at the same time its pressure is halved. Deter- 
mine its new volume. 

4. What will be the change in volume of a quantity of air which 
measures 20 cubic feet, if the pressure on it changes from 15 lbs. on the 
square inch to 10 lbs. on the square inch ? 

5. State the effect on the volume of a g^iven mass of air of altering its 
temperature without altering its pressure ; also the effect on its pressure of 
altering its temperature without altering its volume. 
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CHAPTER IV. 

HEAT AS A QUANTITY— SPECIFIC HEAT-- 

CALORIMETERS, 

34. The Thermal Unit. 

The previous experiments have shown that heat is some- 
thing that flows from a body at any temperature to a body at a 
lower temperature. This is analogous to the flow of water from 
a high level to a lower level. It does not follow that heat is a 
material substance like water. 

Take four beakers, weigh into each a pound of water. In 
making up the weight in two of the beakers use a few pieces of ice. 
Note the temperatures ; stir the beakers containing ice until the 
ice has all melted ; the temperature will be 0° C. Take one beaker 
with water at the temperature of the room, say at 16^, and one 
with water at 0° C. Mix these together and note the temperature 
— in this experiment 8°. 

Warm one of the beakers to about 35° C. Mix this with the , 
other beaker of water in which the ice has all melted ; the mixture 
is at 17-5° C. 

I lb. of water at 0° C. + i lb. of water at 16° C. = 2 lbs. of 
water at %"" C. 

I lb. of water at 0° C. + 1 lb. of water at 35° C. = 2 lbs. of 
water at ly'S*' C. 

Take 2 lbs. of water, one at 16° and one at 35° C.j i lb. 
of water at 16° C. H- 1 lb. of water at 35° C. = 2 lbs. of water at 

I lb. of water cooling 8° (from 16° to 8°) raised the tem- 
perature of I lb. 8^ (o** to 8*=*). 

I lb. of water cooling ly's** raises the temperature of i lb. 
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I lb. of water cooling 9*5° raises the temperature of i lb. 

Similarly by experiment 

1 lb. of water at 0° C + 2 lbs. of water at 15® C. = 3 lbs. 
of water at 10° C. 

2 lbs. of water cooling 5® heat i lb. of water 10°. 

2 lbs of water at 0** + 1 lb. of water at 15® = 3 lbs. of water 
ats*'. 

I lb. of water in cooling 10** heats 2 lbs. of water 5®. 

The result is that the quantity of heat that i lb. of water 
gives out in cooling through i® of temperature = the quantity 
of heat used in raising i lb. 1° ; and that it takes 5 times the 
amount to raise i lb. through 5°, and 10 times the amount to 
raise 2 lbs. through 5°. 

The amount of heat required to raise the temperature of 1 lb. of 
water from 0° C, to 1^ C is called the Thermal Unit. 

The unit of mass is i lb. and the Centigrade scale is used. 

This amount is a quantity that we can add, subtract, multiply, 
and divide just like any other quantity. 

Is a degree of temperature a quantity? can we add degrees 
together? 

Weigh a quarter of a pound of water into a beaker, reducing 
the temperature to cP C. by the method given. Weigh a quarter of 
a pound of gun-shot into a dry flask. Place this flask in a beaker of 
water kept boiling. Stir the shot and test ;H^ith thermometer. Its 
temperature will rise to nearly 100° C. Pour the shot into the 
cold water and stir, noting the resultant temperature. In an ex- 
periment it was 10® C. 

^ lb. of shot cooling 90° raises ^ lb. of water 10®, 
• • ^ »> » >> 9^ >j ' • » >» ^^ > 

/. to raise i lb. of shot i® requires ^ the amount of heat 
required to raise i lb. of water 1°. 

27ie ratio of the amount of heat required to raise one unit of mass 
of any substance i®, to the amount of heat required to raise an 
equal mass of water i®, is called the Specific Heat of the sub- 
stance. 
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when 



The specific heat of gun-shot is \ 



» 



>» 



» 



>» 



water is i. 



The number of thermal units required to raise the tempera- 
ture of a body i** is called its capacity for heat; 

.". — ^?E?£S_is numerically equal to the specific heat of body, 
mass m lbs. 



35. Experiments to Show that Bodies have Different 

Specific Heats. 

Take circles of silver (a florin), copper (a penny), iron, lead, 
etc., same size and thickness; hold them at the same distance 
from a bright fire ; in one minute test with a thermometer. 

Their order as regards temperature is lead, silver, copper, 
iron. 

All have received the same amount of heat ; evidently it 
requires more heat to raise the temperature of copper i® than 
it does to raise the temperature of lead 1°. The specific heat 
of copper is greater than that of lead. 

36. Take a saucer half-full of water. Place thirty grams of white 

bees'-wax in it, and place all in an 
oven until all the wax is melted ; 
allow it to cool ; when it first solidi- 
fies cut round the edges ; let it stand 
for a day to harden ; remove the wax 
and place it on a large ring of a 
retort-stand. Suspend cylinders of 
lead, bismuth, copper, and iron by a 
fine wire for some time in boiling oil. 
Remove and place them on the wax 
plate. The iron falls through first, 
followed by the copper ; lead and bis- 
muth are unable to struggle through 
^^_^_^_^_ (fig. 26). 

'^■.^' The rate at which they pass 

through depends on (i) density, (2) the amount of heat they 
give to the wax. Compare iron and lead. The lead is the 
heavier and has this advantage over the copper. The copper 
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therefore must give up a greater amount of heat in cooling ; 
its specific heat is higher. 

This experiment, for the reason given above, cannot be used 
to compare the specific heats of bodies. 

Examples. XVIJ. 

1. What is meant by the thermal unit ? Write out a definition, using 
one gram as the unit of mass, and one degree Centigrade. 

2. Explain * specific heat * and * capacity for heat.' 

3. 50 grams of copper at 80** C. are mixed with 57 grams of water 
at 15°. The temperature after mixing is 20°. Find the specific heat 
of copper. What is the capacity for heat of the fifty grams ? 

4. Why should a pound of iron heated to 100° C. sink fiirther into ice 
than a pound of lead at the same temperature ? 

5. How many units of heat will be required to raise 6 lbs. of water 
from 0° C. to 10** C. ; 10 oz. of water from 7° C. to 15° C. ? 

37. Method of Mixtures. 

An instrument for measuring the specific heat of a body 
Is called a Calorimeter. 

To Find the Specific Heat of Zinc 

Take a strip of zinc weighing over \ lb. Cut it down 
until it weighs \ lb. (this is not absolutely necessary ; it simpli- 
fies the calculation) ; roll it into a spiral. 

Suspend it by a thread in steam, and 
place a thermometer near to ascertain the tem- 
perature. Weigh \ lb. of water into another 
beaker, and note its temperature. Move the 
zinc into this beaker (fig. 27), stir it well in 
the water, and note the resultant temperature. 
Calculate as in § 34. 

This method of finding the specific heat 
is called the method of mixtures. 

The thermal unit will increase as the mass 
increases ; that is, it is greater for i lb. than 
for I oz. ; it is less for i gram than for i oz. ^^c. 27. 

Again, if we use degrees Centigrade it will be greater than if 
we use degrees Fahrenheit. 
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The SPECIFIC HEAT is a ratio, and it evidently will be the 
same whether we use i gram, i lb., or i oz. as the unit ; and 
whether the degree Centigrade or Frhrenheit be used, pro- 
vided we use the same units for water and for the substance. 

If m^ s, t represent the mass, specific heat, and temperature 
of a substance, and M, S, T represent the mass, specific heat, 
and temperature of the, water, and 6 be the final temperature 
after mixing the substance and water, and all heat given up by 
the substance be used in heating the water — 

then »ij(/- &) = MS(^-T), 

MS tf-T 

or since S = i, 

M tf-T 

s = — • -. 

m t-e 

Examples. XVIII. 

1. What is meant by specific heat ? If 8 ounces of zinc at temperature 
95® C. be put into 20 ounces of water at 15® C. and the resulting tempera- 
ture be 18° C, what is the specific heat of zinc ? 

2. What is meant by the statement : the specific heat of water is 10 J 
times the specific heat of copper ? If 1 5 lbs. of copper at 80° C. be immersed 
in 18 lbs. of water at 42° C, find the temperature to which the water rises. 

3. What is meant by saying that the specific heat of water is 30 times as 
great as that of mercury? If a pound of boiling water is mixed with a 
pound of ice-cold mercury, what will be the temperature of the mixture ? 

4. A ball of platinum whose mass is 200 grams is removed from a 
furnace and immersed in 150 grams of water at o®. If we suppose the 
water to gain all the heat which the platinum loses, and if the tempemture 
of this water rises to 30®, determine the temperature of the furnace. 

N,B. The specific heat of platinum is 0*03 1. 

5. What is meant by unit of heat ? If the specific heat of iron be |, and 
5 lbs. of iron be cooled down from the temperature of boiling water to the 
temperature of melting ice, how many units of heat are evolved ? 

38. Defects of the Method. 

1. Part of the heat is used in heating the beaker. 

2. Part is lost by cooling. 

3. The metal loses heat in being moved. 

4. Heat is used in heating the thermometer. 
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^To Correct for No, 2. — Cover the outside with felt ; this prevents 
loss by conduction ; or make the calorimeter of thin polished 
copper and suspend it by fine threads inside a polished vessel ; 
the heat radiated is reflected back. 

To Correct for No, 3. — This requires complex apparatus ; and if 
the experiment be done smartly little heat is lost. Some few drops 
of water may also come over with the zinc. 

Repeat the experiment, covering the calorimeter with felt, or 
rest it inside another beaker, surrounding it with cotton wool. 

To Correct for No. i. — If the amount of heat used in heating 
the calorimeter is to be taken into account, we must either know 
its capacity for heat or its mass and its specific heat. 

Suppose the calorimeter to be of glass and that its mass be 
10 grams, and that the specific heat of glass be *2 ; then it 
requires 10 x '2 = 2 units of heat to heat the glass 1°. 2 is 
called the water equivalent of the calorimeter^ as due allowance 
will have been made if the 2 grams be added to the weight of 
the water. . 

Find the capacity for heat of the calorimeter. Let it stand 
until its temperature is at that of the room, say 15®, add \ lb. 
of water at 17** ; from the cooling calculate the capacity for 
heat of tlie calorimeter ; similarly find the water equivalent of 
the thermometer. 

A copper calorimeter of specific heat '095 has a mass of 120 grams, 
and contains 280 grams of water at 15® C. Find the specific heat of a 
substance when 375 grams of it at a temperature of 100" C. will, when 
immersed, raise the temperature of the water to 25"^ C. 

I** Calorimeter, — To raise 120 grams 1° requires (120 
x*o9s) units of heat = 11 "4 units, i.e. the calorimeter is equi- 
valent to 11*4 grams of water. 

/. (28o + ii*4)x(25— 15) units of heat are needed, i.e. 
291 '4x10 = 2,914 units of heat. These are obtained from 
375 grams cooling 75^ 

.'. I gram cooling 1° loses — 924_ ^j^j^ «- .j^^ ^j^j^^ 

75x375 
•*. answer : the specific heat of substance is '104.] 
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Examples. XtX. 

1. If a copper ball wdgfaing 6 lbs. taken oat of a furnace and plunged 
into 20 lbs. of water at 10^ C heats the water to 25^, what was the tempera- 
ture of the furnace ? (The specific heat <^ copper at all temperatures may 
be taken as '095.) 

2. A ball of copper at 98° C. is put into a copper vessel containing 2 lbs. 
oi water at 15^ C, and the temperature of the water, ball, and vessel after 
the experimoit is 21° C. ; the weight of the vessel is i lb., and the specific 
heat of copper is X)95 ; find the weight of the copper balL 

3. What is the specific heat of a substance ? The wdg^t of a copper 
calorimeter is iio grams, and the specific heat of copper is ^5 ; 400 
grams of water at a temperature di 16® C are put into a calorimeter, 
and then 60 grams of the substance which has been heated to 98^ C. 
are placed in the water, whose temperature is now found to be 21° C. 
Find the specific heat of the substance. 
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CHAPTER V. 

LATENT HEAT OF FUSION— SPECIFIC HEAT--^ 

SOLIDIFICA TION. 

39. Laws of Fusion. 

Common experience informs us that heat not only changes 
the temperature of bodies, but that it also changes their physical 
condition. By heat solid ice is changed into a liquid, and the 
liquid into a gas. 

Crush ice to small pieces in a mortar ; make a spoon of wire 
gauze ; use this to lift the pieces into a beaker ; place the beaker 
in a basin containing a mixture of ice and salt ; place a thermo- 
meter in the clean ice and note the temperature ; in a few minutes 
it will be below zero, say —6°. Remove the beaker and place it 
in warm water; continue to test with the thermometer, stirring 
frequendy. The temperature rises to 0° C. 

The ice begins to melt, but the thermometer does not rise 
above o^ C. until every particle has melted. What becomes of 
the heat? 

Take pieces of paraffin (from a candle); place them in a beaker; 
insert a thermometer ; heat on a sand bath. 

Again, the thermometer remains stationary when the paraffin 
begins to melt, until every particle of paraffin is melted. As 
the result of similar experiments on solids we obtain the laws 

OF FUSION. 

(i) Every substance begins to melt at a certain definite 
temperature (if the pressure be constant). 

(2) From the time fusion begins till the time it is com- 
pleted, the temperature remains constant 

The temperature at which a body begins to melt is called 
its melting-point 
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To Find the Melting-Point of Wax. 

Draw out a piece of glass tubing. Cut off i inch of the 
finest part Close one end. In this place a little wax. Fasten 

the tube to the thermometer with an 
india-rubber band. Place in a flask (as in 
fig. 28). 

Notice — 

(^) when fusion begins, 49° C.^mean 
ip) when it ends, 50° C ) = 49 J. 

Take away the flame; notice — 

{c) when it begins to solidify, 50° C.)mean 
(d) when completed, 48° C. 3 = 4 9. 

49^+49 
Melting-point of wax = ; = 

49-25'^ C. For bodies at higher melt- 
ing-point use sulphuric acid instead of 
water. 

It is evident in these cases that heat is 
required to melt (fuse) solids. There is 
also the case when solids dissolve in water 
or other liquids. 




Fig. 28. 



Place one bulb of the differential thermometer in. water and 
observe the position of the index. Add to the water any soluble 
solid, as sal ammoniac, sulphate of soda. 

The index moves, showing that, in dissolving, the solid re- 
quires heat. This heat is taken from the water and its tem- 
perature falls. By using suitable solids and liquids, the tem- 
perature can be lowered sufliciently to freeze the water. 

Pour common hydrochloric acid into a beaker, and in the acid 
place a thin test tube containing a little water ; add sulphate of 
soda to the acid* 

Stir with the test tube ; the temperature is lowered and the 
Vrater freezes^ Ice machines are made on this principle. 
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The heat used up in melting solids seems lost ; its presence 
is not indicated by the thermometer. This heat was said years 
ago to have become latent, and hence was called latent 

HEAT. 

It may aid you if you imagine that the heat is engaged in 
tearing the solid particles asunder, that they may appear in the 
liquid form, and that until this is done the heat cannot appear 
as sensible heat and affect the thermometer. Do not form the 
idea that the heat is hidden away doing nothing. 

The amount of heat required to change a unit of mass of a 
solid into a liquid without raising its temperature is called the 

LATENT HEAT OF FUSION of that SoHd, 

Table of Melting-Points. 



Mercury 


. -38-8°C. 


Sulphur 


114*^ 


Ice 





Bismuth . 


264 


Butter . 


• +33 


Lead 


. 335 


White wax 


. 65 


Iron . 


. 1200 



40. To Determine the Latent Heat of Fusion of Ice. 

Weigh a beaker, add about 50 grams of dry crushed ice, drain 
off the water, and weigh to obtain the amount of ice. 

Pour about 100 grams of boiling water upon the ice, stir until 
all is melted, and note the temperature. Weigh again to obtain 
the amount of water added. 

Beaker weighed 16 '5 grams. 

Beaker and ice weighed 66*5 grams, .'. ice = 50 grams. 

Beaker + ice + water weighed 166 '5 grams, .*. water 
= 100 grams. 

The units are i gram and 1° Centigrade. 

The hot water was at 100®. The final temperature was 40®. 

100 grams of water in cooling from 100® to 40° give up 
(60 X 100) thermal units = 6000 thermal units. 

50 grams of water in heating from o** to 40® require 
(50 X 40) = 2000 thermal units. 

/. 4000 thermal units to account for. They have been 
used in melting ice at 0° to water at 0°. 
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:. it requires 4000 thermal units to melt 50 grains of ice. 

,-. the number of units of heat required to melt i gram of 
ice at 0° to water at 0° is 80. 

The latent heat of fusion of ice is 80. If the thermal 
unit be defined by using i lb. and 1° C. as units, and i lb. 
be used as the unit of mass, the result again will be 80. 

The same defects are to be noted in the calorimeter as in 

Having determined the latent heat of fusion of ice, the know- 
ledge can be used in other experiments ; for every lb, or gram, 
according to the unit of mass chosen, of ice melted it will be 
known that 80 thermal units are used. 

Remember that ice increases in volume on being heated. 

Let m be the mass of water at temperature t; 

M the mass of dry ice ; and tf the final temperature. 

The water loses tn{f~$) units of heat. These melt M 
units of ice and raise the temperature of resulting water to ff'. 
If X be the latent heat of fusion of ice, these operations require 
Mx+ MB units; 

:.Mx+Me=m{t-e), 



(t-e)- 



-w 



41. To Determine Specific Heat by the Method of 
Fusion. 

Black's Method.— A hole is cut in a block of ice by using a 
brace and bit, and an ice-cover is 
fitted over it ; all are wiped dry with 
a sponge; a piece of metal heated 
to 100° is quickly placed in the hole, 
and the cover is replaced. After a 
short time the metal is taken out 
and wiped dry with a weighed 
sponge, which also absorbs all the 
I water in the hole. Thus the amount 
■j.,^ ^ of ice melted is determined. 
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Example. 

A piece of linc weighing 15 giajns was used ; the water absorbed by 
the sponge was i'8 gram: I'Sgtam of ice in metling requires (I'SxSo) 
" 144 units of heat. This has been obtabed from 15 giamsof tinccooling 

,■. I gram cooling 1° gives up — S — = -096 unit ; 
/. Ihe specific beat of zinc is -o^. 

Lavoisier and Laplace improved the method by using 

the ICE CALORIMETER. 

The body M is placed in a thin copper vessel A ; A is placed 
in a vessel B from which it is separated by ice ; B is separated 



from the outer vessel by ice, to prevent the heat of the room 
melting the ice in A. The water melted runs off by a stop-cock 
D, is weighed, and the calculation performed as above. 

42. The specific heat of liquids is determined either 
by using the method of mixtures, or by calculating the amount 
of ice melted (the ice calorimeter). 
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To Determine the SIpecific Heat of Turpentine. 

{a) Method of Mixtures. — Weigh a certain amount of 
turpentine at the temperature of the room; pour it into a 
weighed quantity of water at ioo° C. Note the resultant tem- 
perature, and calculate as in § 37. 

(b) The Ice Calorimeter. — Weigh about 30 grams of 
turpentine ; heat to 70° or 80° C. ; pour it into the thin vessel 
in the ice calorimeter (Lavoisier's), and calculate from the 
amount of ice melted. 

Some liquids on being mixed evolve heat by chemical 
action ; for example, alcohol and water. The specific heat of 
alcohol cannot therefore be determined by mixing with water. 



43. The Specific Heat of Gases. 

In heating a gas, the gas may be allowed to expand, as it 
does in the air thermometer, its pressure being that of the 
atmosphere ; or it may be heated in a vessel that does not 
allow it to expand, when it will be subject to an ever-increasing 
pressure. Therefore the specific heat of a gas can be calcu- 
lated at constant pressure, or at constant volume. 

Suppose in the air thermometer (fig. 24) the gas has required 
a certain amount of heat to raise its temperature 5°, and that the 
index has fallen from the top to the bottom of the tube. Now 
suppose the index be pushed back to the top of the tube. 
By the compression the temperature will rise, and the gas will 
regain its original volume. 

Thus the same amount of heat, applied to a gas, will raise its 
temperature higher if the volume be constant, than if the pres- 
sure be constant. That is, the specific heat of a gas at constant 
pressure is greater than the specific heat at constant volume. 

It is found that the specific heat of a gas at constant 
pressure divided by the specific heat of a gas at constant volume 
= i'4i. 
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Table of Specific Heats. 
Specific heat of water = i. 



Solids. 




Liquids, 


Bismuth . 
Lead 


•031 
■ '031 


Turpentine . '426 
Alcohol . . -062 


Mercury . 
Zinc. 
Iron . 
Glass 
Ice . 


• -033 
. -095 . 

. -114 

. -198 

. -489 


Gases at Constant Presst 

Air . . . *237 
Oxygen . . 217 
Water Vapour . -481 
Hydrogen . 3-409 




Examples 


. XX. 



1. Suppose you have a cubic foot of ice at the melting temperature, and 
that you gradually apply heat to it. What changes of temperature or 
volume does it undergo ? 

2. Describe Black's experiments to determine the latent heat of water. 

3. 25 grams of copper at 100° C. are just sufficient to melt 2*875 g^&nis 
of ice at o^, so that water and copper are finally at o^. Find the S. H. of 
copper. 

4. The S.H.'of iron is 'lis ; how many lbs. of iron at 250° C must 
be introduced into an ice calorimeter in order to produce 2 lbs. of water ? 

5. Explain the difference between the specific heat of air at constant 
pressure and its specific heat at constant volume. Which of them is the 
greater, and why? 

6. Why does a block of ice take so long to melt, even in a warm room ? 
Suppose heat continually poured into it, enough to raise the temperature 
of a quantity of water equal to the solid part of block 2° Centigrade in a 
minute, how long would the block take to melt ? 

7. Describe, with experimental details, the method of determining the 
melting-point of paraffin. What changes are observed to take place during 
the fusion of a solid ? 

44. Consequence of the High Specific Heat of Water. 

* Comparing equal weights, the specific heat of water being 
I, that of air is -237. Hence a lb. of water, in losing one 
degree of temperature, would warm 4*2 lbs. of air one degree. 
But water is 770 times heavier than air. Hence, comparing 
equal volumes, a cubic foot of water in losing one degree of 
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temperature would raise 770X4*2 = 3234 cubic feet of air one 
degree. 

'The vast influence which the ocean must exert as a 
moderator of climate here suggests itself. The heat of summer 
is stored up in the ocean, and slowly given out during the 
winter. This is one cause of the absence of extremes in an 
island climate.' ^ 

Railway foot- warmers are filled with hot water, and the high 
specific heat of water enables it to warm the surrounding air 
for some time. This is the value of water in a heating appa- 
ratus. 

It has been assumed that it requires the same amount of 
heat to raise a unit of mass of a substance through one degree, 
whatever the temperature may be. This is approximately true, 
and may be accepted as Boyle's law and Charles' law have 
been accepted. 

45. Solidification. 

It requires heat to change a solid body into the liquid state. 
Some substances, as ice, cast iron, bismuth, contract in lique- 
faction ; others, as lead, gold, silver, expand in liquefaction. 

The passage of a liquid to the solid state is termed solidifi- 
cation, and we might infer from the latent heat of fusion that 
in the process heat would become sensible, and affect thermo- 
meters. 

Dissolve sodium sulphate in water at 30° C, dissolving as 
much as possible. Pour the liquid into 2 flasks, cover the mouths 
and allow them to cool without disturbing them. Take one flask 
and shake it ; the solution solidifies. Place another in a dish con- 
taining methylated spirits, and in the same vessel place one bulb 
of a differential thermometer. Shake the flask, and as it freezes 
note the change in the thermometer. 

Liquids in solidifying give out sensible heat. They cool 
down to the freezing-point ; from the time freezing begins 
until it is completed the temperature is stationary. The 
amount of heat given up in solidification equals the latent 
heat of fusion ; in the case of water it is 80. This is the 

» Tyndall, Heat as a Mode of Motion. 
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reason why, when water is cooled down to o** C, it does not 
at once freeze. Every lb. must lose 80 thermal units before 
solidification takes place ; the water is a storehouse of heat. 

I cubic foot of water weighs — ^ lbs. 

16 

. /. . . 1000 ,, 80 

I „ „ „ m freezmg gives up — ^ x — = 5000 

units of heat, i.e. sufficient heat to raise 50 lbs. of water from 
freezing-point to boiling-point, or sufficient to raise i cubic foot 
of water to 80® C. This heat acts on the surrounding air and 
objects, and retards freezing. When the thaw comes it is not 
sufficient for the temperature to rise above freezing-point ; 
sufficient heat must be given to the ice and snow (80 units for 
every lb.) Thus the thaw is gradual. 

The density of water is greater than that of ice. 1 1 cub. 
ins. of water at 0° C. form 12 cub. ins. of ice at 0° C. The 
force exerted by water in freezing is very great ; rocks are split 
in winter, and water-pipes burst at the time of frost, not of thaw, 

46. Regelation. 

Water in freezing expands. Suppose a cubic foot of water 
enclosed in a strong iron case ; the water in freezing would exert 
great force, and the iron must expand before the water can 
freeze at o® C. 

If the pressure were such that the covering remained rigid, 
it was argued that the water could not freeze at 0°. Experi- 
ment has verified this. By great pressure the freezing-point 
is lowered ; a pressure of 135 atmospheres (15 x 135 lbs. on 
the square inch) lowers the melting-point 1°. This pressure is 
so enormous that no ordinary pressure affects the temperature 
of freezing (see Freezing- Point). A cubic foot of ice, if power- 
fully compressed, should melt This also has been verified by 
experiment. 

An interesting experiment results from this. A large block 
of ice rests at its ends on two supports ; a piece of copper 
wire is placed round it and a heavy weight is attached to 
the wire. In half an hour the wire cuts its way through the 
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ice, but the ice freezes again as the wire passes. The pressure 
due to the weight acts upon the small surface covered by 
the wire, and gives a great pressure per square inch. This 
pressure is sufficient to melt the ice. The water escapes 
round the wire, and the pressure being removed it again 
freezes. 

Recent experiments show that if the block be in an ice- 
house, where the temperature is below o® C, the wire is unable 
to cut its way through ; the surrounding air must be above o° C. 

A number of pieces of ice floating in a pond or river often 
freeze together. They strike against each other, and the force 
is sufficient to melt the ice at the part where they meet ; as 
they rebound the pressure is lowered and the remaining water 
freezes. 

Pieces of ice can be pressed together and frozen into one 
piece in warm water. 

Float a number of pieces of ice in a basin ; observe how some 
pieces freeze together. 

The term regeiation is given to the above phenomenon. 

Lead in freezing (passing into the solid state) contracts. 
, By the above, if melted lead be compressed, its freezing-point 
ought to rise. 

47. Freezing Mixtures are mixtures of bodies one of 
which at least passes from the solid to the liquid state. This 
requires heat. This heat is taken from the mixture and the 
temperature falls. 

Take pounded ice or snow, place it in a vessel, stir into it 
half its weight of rough salt. Place water in a test tube and dip 
this into the mixture ; the water freezes. 

This is the principle of refrigerating or ice machines. The 
vessel containing the freezing mixture is protected on the out- 
side by some non-conducting body, such as felt. 

Other freezing mixtures : — 

Sulphate of sodium 3 parts l Temperature is lowered from 10** 
Dilute nitric acid 2 parts j to — 18° C. 
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Phosphate of sodium 6 parts 1 Temperature is lowered from 
Dilute nitric acid 5 parts ) 10° to —29° C. 
Crystallised calcium chloride 10 parts 1 ^^.^^ ^^o ^^ _ -^o q 
Snow 7 parts / 

Latent Heats of Fusion (C°j. 

Water . . . 80*0 Sulphur . . -9*4 
Silver . . . 21-0 Lead . . .5*4 
Bismuth . . 12*6 Mercury , . 28 

Examples. XXI. 

1. On freezing water in a glass tube the tube sometimes breaks. Why 
is this ? An iceberg floats with 1,000,000 tons of ice aboye the water line; 
about how many tons are below the water line ? 

2. Explain why water pipes burst in cold weather. 

3. Ice melts at 32" F. and wax at 140° F. A mass of ice at 31^ and a 
mass of wax at 139*^ are separately compressed by suitable means. Could 
either of them by a sufficient increase of the pressure be melted ? Give 
reasons for your answer. 

4. The images on gold and silver coins are stamped ; good castings 
cannot be taken. Why ? Could you obtain a sharp casting of ice or of 
bismuth ? 

5. I lb. of water and i lb. of salt, both at ordinary temperatures, are 
mixed. WiU the temperature of the mixture change ? Why ? 

6. What becomes of the heat that is used in melting ice ? Is it lost ? 

7. What is meant by a unit of heat ? Taking the specific heat of lead 
as 0*031, and its latent heat as 5*07, find the amount of heat necessary to 
raise 15 lbs. of lead from a temperature of 115° C. to its melting-point, 
320° C, and to melt it. 



CHAPTER VI. 

change of state from liquid to gas— 
vaporisation— vapour pressure— con densa tion. 

48. Vapour Pressure, 

When any liquid is heated its temperature rises and part 
of the liquid passes into the gaseous condition. If the heat be 
continued the liquid boils, and ultimately the whole evaporates. 
Boiling is not essential to evaporation ; the water placed In a 
saucer evaporates at ordinary temperatures ; the same thing 
takes place with the water of the sea. 

When a liquid passes into a gaseous condition quietly, 
without boiling, the process is called evaporation. 

ABC The change when accompanied with boiling is 
called tbullition. 

Evaporation in a Vacuum.— Fill three baro- 
meter tubes 33" long with mercury,and invert them 
over mercury, supporting each by a clamp. The 
mercury stands at the same height in each. With a 
pipette force a few drops of water up one, B, and a 
few drops of ether up a third, C. The mercury sinks 
slightly in the tube containing the water, and to a 
greater degree in the ether tube. No liquid is 
seen in either tube ; it has all evaporated. The 
water vapour and the ether vapour must exert a 

I definite pressure of so many inches of mercury. 
Continue to force water and ether up the tubes ; 
the mercury continues to sink ; ultimately it re> 
mains stationary, and the result of forcing up more 
liquid is that a layer of the liquid forms on the top 
of the mercury. 

Warm with the hand the tubes containing the ether and 
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water ; the mercury is further depressed. Cool them with cold 
water ; the mercury rises, showing that the pressure is not so 
great. 

Vapours have, then, a maximum pressure for any given 
temperature ; and this maximum pressure is exerted when the 
vapour is in contact with its own liquid. 

Example. 

The mercury in tube A was 772 (fig. 26) millimetres high. In tube 6, 
al^er adding water until a layer formed, the mercury was 760 millimetres 
above the level of the vessel. . 

In tube C, after adding ether until a layer formed, the mercury was 
422 millimetres high. 

The thermometer was at 14° C. 

.*, the maximum pressure of water vapour at 14° is 772 — 760 millimetres 
— \2. millimetres of mercury. 

/, the maximum pressure of ether vapour at 14® C. is (772-422) milli- 
metres = 350 millimetres of mercury. 

The maximum pressure of a vapour depends upon the tem- 
perature and upon the kind of liquid used. 

The maximum pressure of water vapour has been carefully 
determined at different temperatures. 



Temperature C 


Pressure in Milli- 
metres 


Temperature C- 


Pressure 
in Millimetres 


-32° 


032 


15° 


1270 


— 20 


093 


18 


15*36 


— 10 


2 09 


20 


17-39 





4-60 


50 


9198 


4 


6'io 


70 


233-09 


10 


9*i6 


90 


525-45 


12 


10*46 


lOO 


760*00 



49. Saturated and Unsaturated Vapour. 

Remove the tube containing the ether into a deep mercury 
trough, depress it and raise it slowly ; measure the height of the 
mercury in each case ; as long as any liquid ether remains, and 
there is a space for the vapour, the height of the mercury remains 
constant Depressing the tube simply causes more vapour to 
liquefy, and raising it causes more liquid to evaporate. 
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When the vapour is exerting its maximum pressure the 
space is said to be saturated ; this is the cose when the hquid 
and its vapour are in contact A saturated vapour does not 
obey Boyle's kw. 

Repeat this last experiment, using a tube into which only 
one drop of ether has been introduceo, so that all of it evapo- 
rates ; no liquid is seen : the space is unsaturated. 

Raise and depress as before ; the height changes, and by 
measuring it will be found that an unsaturated vapour obeys 
Boyle's law, viz. 

volume xpjessure = constant, if temperatures be constant; 
and also Charles' law. 

A saturated vapour obviously does not obey these laws ; 
increased pressure liquefies part of the vapour. 

50. Mixture of Gas and Vapour — Boiling-Point. 

Experiments have shown 
that the maximum pressure 
of a vapour is the same when 
mixed with any gas (say, air) 
as it is in a vacuum. The 
vapour of the liquid acts as 
if the gas were not present, 
save that evaporation takes 
place more slowly. 

The temperature at which 
a liquid boils is called its 
boiling-point. The boiling- 
|Jbint of a liquid depends 
upon the pressure, not upon 
the temperature. 

Take a round -bottomed 

flask, fill it one quarter full 

P with water, and boil it briskly 

for five minutes ; when it is 

boilit^ insert a good india-rubber cork, and at the same moment 

remove the lamp. Invert the flask and let it cooL When the 
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boiling has ceased, pour cold water over it (fig. 32) ; the water begins 
to boiL The temperature is below the ordinary boiling-point. As 
it boils, pour hot water over the vessel, the boiling ceases ; when 
it cools down again, repeat the experiment 

In cooling the water vapour condenses in the flask, the heat 
escapes through the glass. By pouring cold water upon the flask 
more vapour is suddenly condensed ; the pressure is lowered 
below the pressure necessary to cause boiling. 

The experiment can be performed in another form by 
causing water, ether, etc., to boil under the receiver of an air 
pump by exhausting, and thus reducing, the pressure. 

Boil water in a flask A, and let it cool down to about 60° C. 
Boil briskly the water in C ; close the clamp B upon thick-walled 
india-rubber tubing. Remove the burner, and at the same moment 




Fig. 33. 

insert the glass stopper D. When C cools and the vapour in it 
condenses, connect the flask A. Open the clamp. The lowering 
of the pressure causes the water in A to begin to boil (fig. 33). 

Water or any liquid boils when the maximum pressure of its 
vapour equals the pressure of the atmosphere. 

F 



66 Heat 

BOIUNC-POINTS UNDER THE PRESSURE OF AN AtMOSPHERB. 





-io»C 


. Turpentine . 


. i6c= 


Ethsr . 


37 


Mercury 


■ 358 


Alcoiol . . 


78 - 


Solphur 


■ 447 


Waler . 


100 


Zinc . 


. 1040 



Anaitge apparatus as in fig. 34. 

Thebcnt tube A is filled with mercury up to J" of the open 
end ; the remainder is filled up with water. By stopping the open 
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end and inverting, the water is run round to the long limb. The 
long limb is surrounded by a wider tube B, through which steam 
passes from the vessel C. . . 

The pressure of the aqueous vapour increases until at length 
the mercury is level in both limbs, showing that its pressure is 
equal to the pressure of the atmosphere. This occurs when 
the water in the long limb boils. Force mercury out of the 
open hmb by inserting a thick wire ; the mercury still stands 
level in both limbs. 

Increased pressure raises the boiling-point 
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To the open tube In fig. 1 1 attach a bent tube ; let the long 
end dtp under 9" of water. Boil the water. The steam is now 
under increased pressure and the temperature rises ; observe the 
temperature. Use is made 
of this principle in Papin's 
digester. 

The cover of the metallic 
vessel. M is fastened down by a 
screw. The lever 3 presses upon 
a rod V, whose base. is a valve 
pressing upon a hole in the 
cover. As the pressure increases, 
irraises u and the steam escapes. 
The pressure is regulated at 
five to six atmospheres by the 
weight p. The water can thus 
be heated to zoo° C, and can be 
used for extracting gelatine from 
bones, or in a modified form it 
can he used on high mountains 
for cooking purposes. 

As we ascend the pressure 
of the atmosphere decreases ; 

therefore the boiling-point is " ' * . 

lowered On high mountains water in an open vessel boils at 
a temperature insufbcienl to cook eggs. 

By noting the temperature of steam from boiling water the 
height above the sea level can be calculated ; a difference of i ° C 
indicates roughly a difference of 1080 feet. 

51. Ebullition. 

'As. water is heated vapour rises irom the surface ; small 
bubbles of air dissolved in the water are expelled. The water 
at the bottom is further heated ; a circulation ensues : the heated 
water rises up the centre, the colder flowing down the sides. 
The water at the bottom is heated to the boiling-point. Bubbles 
of steam form and rise ; these condense with a sharp sound 
before reaching the top. If these sounds be frequent simmering 
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ensues. When the temperature of the liquid above is too high 
to condense the bubbles, they escape at the top ; the whole of 
the liquid rises to its boiling-point, and ebullition takes place. 
As has been seen in many cases, the temperature rises up to 
boiling-point and the thermometer then remains stationary. 

Laws of Ebullition. 

(i) Every liquid has a definite boiling-point for a definite 
pressure ; by decreasing or increasing the pressure the boiling- 
point is lowered or raised. 

(2) A liquid boils when the maximum pressure of its 
vapour is equal to the pressure of the atmosphere. 

(3) The temperature rises up to the boiling-point ; it then 
becomes stationary until the whole of the hquid has evapo- 
rated. 

Examples. XXII. 

1. A flask containing water is heated. When the water boils the flask is 
carefully closed with a cork and removed from the flame. Explain why, 
when the flask is dipped into cold water, the water inside again b^;ins 
to boiL 

2. Explain why, in order to cook food by boiling at the top of a high 
mountain, you must employ a difierent method from that used at the sea 
leveL 

3. What b meant by the ' boiling-point ' of a liquid ? How is it affected 
by change of pressure ? 

4. Explain what happens when water is placed in the receiver of an air 
pump where the pressure is not more than 3 millimetres of mercury. 

52. Latent Heat of Evaporation. 

As in fusion the heat given to the liquid as it boils is said 
to become latent ; it ceases to affect the thermometer. The 
heat, we may assume, is engaged in tearing the particles of the 
liquid apart, so that they can appear as vapour. 

The number of units of heat required to change one unit of 
mass of a liquid at its boiling-point into vapour at the same tem- 
perature^ is called the latent heat of evaporation of the 
liquid. 
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To Find the Latent Heat of Steam. 

A, a i6-ounce flask. B, a wide tube to prevent condensed 
water passing into A. C, an 8-ounce flask three parts full of 
water. Weigh A empty and three parts full of water ; diflerence 
s weight of water. Place it on a pad of felt and surround it with 
felt Protect A from the heat of the burner by a sheet of tin. 




Fig. 36. 

Boil the water in C. When the steam is issuing from the end of 
D, note the temperature of A, and then dip D into A. The steam 
condensing heats the water in A. Test with the thermometer ; in 
about four or five minutes remove D and note the final tempera- 
ture ; weigh A and find the weight of steam condensed (fig. 36). 

Example. 

Flask A ■970*8 grams. 
Flask A + water « 370*8 grains. Temperature = 1 3® C. 
Flask + water + condensed steam ■■ 391 *i grams. Final temp, s 52° C. 

To heat 300 grams (52 — 13)®, i.c. 39 degrees, requires 300 x 39 = 1 1700 
tmits of heat. 

This is obtained firom 20*3 grams of steam condensing and cooling from 
100® to 52^ 

2o*3 grams cooling 48^ give up (48 x 20*3) units of heat* 974*4 units 

of heat. 

z 1 700 - 974 4 « 10725 *6. 
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10725*6 units must be given up by 20*3 grams of. steam, condensing 
from steam at 100° to water at lob^ ; 

/.I gram of steamf gives "up — ■ ^ ■ = $28 '3 ifiiits of heat. 

\ . , TJti« latent heat of evaporation ^528 •3.- \ 

\ . Inaccurate experiments it is 536. 

■ Let M=m^s.of water in thecalorimeter^ 

/== initial temperature of the calorimeter," 
0=final ,, ,, ,, 

191= mass of steam condensed, 
L= latent heat of steam, 
(i) The mass of steam nt at 100^ condenses to water at 100^ C, and 
liberates niL units of heat. 

(2) m units of water cool from 100^ to 0°, and liberate m(ioo^B) units 
of heat. 

(3) The water in the calorimeter gains M(0— /) units of heat ; 

/. wL+w(ioo— a)=M(tf-/), 
/. L= -(fl-/)-(ioo-fl). 

If we take into account the effect of heating the calorimeter, we must 
know its mass and its specific heat ; then mass x specific heat = its water 
equivalent «, and for M we must substitute M+». 

The latent heat of evaporation of alcohol is 208, of ether 90. 

53. Freezing by Evaporation. 

The amount of heat required in evaporation is great If 
evaporation take place this heat must come from somewhere ; 

it may come from a flame, or it may come 
from neighbouring bodies, and thus lower 
their temperature, even to freezing-rpoint 





(i) Sprinkle ether on the mercury ther- 
mometer and on the air thermometer, also 
on the hand. Explain, why the thermo- 
meters indicate lower temperatures and the 
hand feels cold. Use water in the same 
• ' Fig. 37. way. 

(2) Hammer a thin piece of copper into 
a shallow capsule (G). Float it on a little water poured on a block 
of wood (B), and pour carbon disulphide. into the capsule $ with a 
bellows (N) blow across the Carbon disulphide ; it evaporates, 
abstracts the heat from the water ; the water freezes to the wood. 
Perform this in a cupboard or in the open air. 
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{3) If the pressure can be reduced with sufficient rapidity 
evaporation will take piaca The air pump may be used for the 
purpose. It is necessary to remove the vapour as soon as formed, 
in order to induce fresh evaporation. For this purpose strong 
sulj^uric acid is placed in the receiver to absorb the vapour. 

(4) Wollaston's ciyophorus is a bent glass tube with a bulb 
at each end containing water and water vapour; the water 
having been boiled, and the tube sealed while boiUng to expel 
all air. 

Place all the water in one bulb, A. Insert the other bulb 
in ice and salt : the water vapour condenses ; evaporation takes 
place r^idly from the water in A ; heat is taken from it, its 
temperature falls, and it ultimately freezes. 

It will be a useful exercise to notice 
the effect of heat upon i lb. of ice at 
0° F. 

The S.H. 0/ ice is about -5. The latent 
heat of ice is 144 when the thermal unit is 
defined, on the F. scale. The specific heat of 
water is I at 39'I° F., being slightly less below 
and more above that temperature ; 1S2 units 
of heat, not 180, are needed to raise the lempe- 
tature of, water from 32° F. to 212" F. The 
latent heat of steam is 965. The specific heat 
of steam is :'48s ; that is, one unit of heat raises ^^^ . 

the teinperature of I lb. of steam 2 ■08" F. 

The volume of steam at ziz" wil! be about 1700 times the volume of 
water, and its volume will further increase according to Charles' law. 

,■, the units of heat needed to change I lb. of ice at 0° F. to steam at 
aia'F. -(■SH32) +144+ 182 + 965- 1307 thermal onils. 

If the volume of water at 39-1.be called I, the volume of ice at 32' is 
I -090S, the volame of water at 32° is i ■000127, and the volume of water 
at2tz°is 1-043I5-' 

©".F. = -i7-7°C, Thenumberofunitsotheat required to chai^ ice 
at — ly^^.C. into watw atjoo" will be (the student can write out the 
acconnt fully) 

(177 K ■s)+8o+ioi + 537 = 736'8units=nearly 1(1307}. 



' Adapted f»m Maxwell's Heat. 
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54. Condensation —Distillation. 

When a vapour passes into the liquid fonn the process is 
called condensation. As was seen in § 51, the vapour in con- 
densing gives up heat that affects thermometers. The heat 
given up in condensation equals the latent heat of evaporation. 

Distillation is an illustration of evaporation and condensa- 
tion ; the liquid in the vessel is heated, it passes into vapour, 
the vapour is condensed by cold 

LlEGto's CoNDENSKK.— The water is heated in the letort A; the 
vapour passes into the tube^; g\& surroQQded bf another tube/, through 
which posses a stream of cold watei fed from the tap ; the water enteis the 
lower end of the tube f by a tube B and esc^ies by the lube t. The 
vapour is condensed in g and pme water collects in the receiver C. In 
condensation heat is liberated ; this heat raises the temperatore of the cold 
water in/ (fig. 39). 



Water containing impurities can be purified by this means ; 
the water evaporates freed from its impurities. Fit up such an 
apparatus ; place in the retort a mixture of salt and water, distil 
it, and notice that the distilled water is free from salt 

A vapour (for example, aqueous vapour] is condensed (a) by lowering 
the temperature, {b) by increasing the pressure. By using <me ot both of 
these methods the so-called gases have been liquefied. The gases carbcot 
dioxide and sulphur dioxide are found at ordinary temperatures to show a 
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marked deviation from Boyle's law. These gases are easily liquefied ; they 
behave like vapours that are nearly saturated (§ 49). A gas is the vapour of 
a substance, its temperature being much higher than the boiling-point of its 
Kquid. The 'permanent' gases, oxygen, hydrogen, etc., are vapours of 
hquids whose boiling-points are greatly below the ordinary temperatures ; 
they have all been liquefied by pressure when the temperature has been 
lowered sufficiently. 

Examples. XXIII. 

1. Describe a method of determining the latent heat of steam. 

2. A beaker containing water is heated by a Bunsen flame. A Centi- 
grade thermometer, placed in the water, rises to 100°, but no higher, and 
the water begins to boil. What is the reason that the thermometer does 
not rise higher than 100® ? and what becomes of the heat which is thus 
apparently lost ? 

3. I once went into a room, the doors and windows of which had been 
kept shut for some time, and the temperature of which was 80° F. I took 
some water (also at 80^) and sprinkled it over the floor, and the tempera- 
ture at once fell several d^^ees. How do you explain this ? 

4. What is meant by the < latent heat of vapourisation ' ? If the latent 
heat of vapourisation be 966 when one degree Fahrenheit is the unit of tem- 
perature, what will it be when one degree Centigrade is the unit ? Would 
your result be different if the unit of mass had been changed ? 

5. If you dip your hand into lukewarm water and then expose it to the 
air, the hand feels cold. If you make the same experiment with ether the 
hand feels much colder on exposure. Explain these fiEu:ts. 

6. Describe the ciyophorus. Is water essential? Could alcohol be 
used? 

7. How would you obtain pure water from sea water ? What becomes 
of the heat in distillation that is given up during condensation ? 

8. Describe the changes which take place when heat is applied to one 
pound of ice at oP C, until it is converted into vapour. Account for the 
difference in the quantity of heat required according as the ice is in an open 
or a closed vessel. 

9. Describe 'distillation.' How could a liquid be distilled at a tem- 
perature (a) below its ordinary boiling-point and {b) above its ordinary 
boiling-point? 

10. Explain the difference between a gas and a vapour. 

1 1. What circumstances determine whether a towel exposed to the air 
shall dry or shall become damp? Why does a damp cloth exposed to 
draught become very cold ? 
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CHAPTER VII. . 

HYGROMETRY.' . ; 

55. Aqueous Vapour is always Present in the Air 

(i) Place pieces of> calcium chloride or caustic potash in 
saucers .in a room ; the salts melt in the water they abstract from 
the ^ir. ' • • , ' - . ; . ' -x. 

(^) Dry the outside of a ilask thoroughly j pour into it cold 
spring water : vapour is condensed and 4eposit<wi:oJi the outside 
of the cold flask. v . 

(3) Breathe against a bold surface. Condensation takes place. 

■■"<•'■' ■',■■.■■. ' ' - ^ ' . . }.''-' . ' 

^ The aqueous vapour present in the air is. condensed when 

the temperature is sufficiently lowered. This temperature is 

evidently the temperature at which the air is saturated with 

aqueous vapour. . ... '1 

The temperature at which thd air is saturated with aqueotds. 
vapom—r-that is, the. temperature at which vapour is condensed — 
is called the * dew point.' , 

Aqueous vapour is water in the gaseous, condition ; in steam 
the gas has condensed into minute particles of liquid water. 

Our commoti expressions * dry air/ *moisV air/ simply 
express the effect of the air on ourselves arid surrounding 
objects. They giye no. inforaiation as to the exact ., amount of 
moisturepin the air. . • 

In the *„dry air ' of tropical ' countries therie is much more 
actual moisture in a cubic foot of air than in England; ' _ 

The air is 'dry' when its temperature is many degrees 
above the point at which condensation will take place. There 
is generally more actual moisture in the air in summer than in 
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winter. In summer the temperature is far above the dew point 
In winter the temperature may be only shghtly above the dew 
point ; this causes the feeling of dampness. ■ 

■56. Hygroscopks. 

For roughly showing the dampness or drj'ness of the air 
hygroscopes are popularly used. 

(i) Cut a- piece of gold-beater's skin into the figure of a 
mermaid, and place it on the hand. The dampness of the 
I]and causes it to assume fantastic shapes, 

(z) Twisted catgut absorbs moisture, twists up and shortens 
when the ^ is damp, and untwists when the air is dry. 
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In the illustration the twisting of the catgut attached to a 
raises the monk's cowl, and he appears hooded when rain is 
imminent. The hood falls in diy weather. 

{3) A long human hair, cleaned by boiling in a dilute 
solution ofcatbonate of soda and then dried, if stretched by a 
slight weight contracts when the air is damp. By twisting it 
round a small pulley an index can be moved. 
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57. Hygrometers. 

» 

Hygrometry deals with the amount of aqueous vapour 
present in the air. The instruments used in the science are 
called Hygrometers. 

The ratio of the weight of aqueous vapour actually present 
in the air to the greatest weight the air could contain at that 
temperature is called the degree of saturation, or the humidity 
of the air, or the hygrometric state of the air. 

To Find the Weight of Aqueous Vapour in Air. — (i) 
Weigh calcium chloride in a small basin ; cover the basin with a 
bell-jar ; suppose the bell-jar contains one cubic foot of air, weigh 
the basin after some time. The increase in weight will be the 
amount of aqueous vapour in i cubic foot of air. 

(2) Place calcium chloride, or pumice-stone dipped in strong 
sulphuric acid, in tubes (both substances absorb aqueous vapour). 
Weigh the tubes; then pass, say, 20 gallons of air through them. 
The increase . in weight equals the amount of aqueous vapour 

in 20 gallons. This forms a 

CHEMICAL hygrometer. 

To determine accurately the 
hygrometric state of the air it is 
often necessary to know the dew 
point. Condensation hygrometers 
may be used for this purpose. 

If in the experiment in § 53 
the bulb of the cryophorus be 
observed, a film of dew is formed 
upon it at a certain tempera- 
ture. If we could determine 
this temperature the cryophorus 
could be used as a condensation 
hygrometer. 

Daniels' Hygrometer. 

Ether is placed in the cryo- 
*'»<=• 41 phorus, instead of water ; a deli- 

cate thermometer is fixed in one bulb A (fig. 41); the ether is 
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heated and the apparatus seated. B is covered with cambric; 
ether is poured on it; it evaporates and cools the bulb B. The 
ether in A evaporates, is condensed in B, and the temperature 
in A ialls. When dew appears on a part of A that is bright, the 
temp>erature is taken ; this is too low. On ceasing to pour 
ether on B the temperature at A rises, and the film of dew 
disappears ; this temperature is too high. The mean is the 
dew point The thermometer on the stem gives the ordinary 
temperature of the air. 

Regnault's Hygrometer. 

Clamp a test tube (A) ; fit into it a cork with 3 holes ; in the 
centre hole insert a thermometer, m another fit a tube dipping to 
the bottom of the test tube ; connect this 
by india-rubber tubing to a pair of bellows 
(fij 4a) i in the third hole fix a tube open 
to the air. Place about 2 inches of ether in 
the test tube ; place the cork so that the 
thermometer and the first tube dip below 
the ether 1 dry the outside carefully. 

Blow gently with the bellows, and 
place the eye so that light is reflected 
from the tube near the ether ; in a short 
time the outside of the tube is be- 
dimmed. Note the thermometer and 
cease blowing ; watch the dimness dis- 
appear and again note thermometer. 
The mean = dew point. 

In more expensive apparatus the 
bottom of the tube consists of thin ^'°- *"■ 

polished silver. A thermometer placed in another empty test 
tube (B) gives the temperature of the air ; by observing and 
comparing the surfaces of both test tubes the formation of dew 
is more easily seen on the tube containing the ether. 

58. Dike's Hygrometer. 
By the use of this instrument, the presence of ether in the 
jur is obviated. On turning a tap B (fig. 43) water flows fror 



a vessel C, along a pipe D. A diaphragm in the chamber R 
compels the water to flow round the diaphragm, pass over the 



top, and escape by the end pipe A (figs. 43 and 44). Above 
the diaphragm, but not touching it, is the bulb of a delicate 
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thermometer T, graduated horizontally. The chamber is 
closed above by a piece of very thin blackened glass P, which 




is rubbed dry before any experiment. The water in C, cooled 
with ice if necessary and kept well stirred, is allowed to 
run by turning B. As soon as dew is deposited on the 
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blaclcened glass, the thermometer is read (/°). B is dosed, 
and the thermometer read again (/i°) when the film disappear. 
The mean of f and tx, as before, is the dew point 

The experiment shoiild.be arranged so that the tempera- 
ture of the water in C is not much below the .dew-point. By 
care the temperature f and t° can be made to almost agree. 

59. TijE Wet and Dry Bulb Hygrometer. 

When the atmosphere is dry, evaporation takes place more 
rapidly than when it is nearly saturated. The rate of evapora- 
tion and its effect on a thermometer is used in determining the 
dew point. 

Two thermometers are fixed side by side Round the bulb 
of one a little lamp-wick is fastened, the end of which dips into 
water.' The water rises in the wick and 
evaporates on the bulb ; the temperature is 
lowered. The further removed the air is 
from saturation the lower the temperature 
of the wet bulb will be below that of the 
dry bulb. It is found that the dew point, 
at ordinary temperatures, can be found 
from the following formula ; — 
- - d k 

<;= difference in the indication of wet and 

dry bulb in degrees Fahrenheit, 
>i = height of barometer in inches, 
/ = maximum pressure of vapour at the 

temperature of the wet bulb, 
F = maximum pressure of aqueous vapour ^'°' **■ 

at the temperature of the air (firom which the dew point 

can be found fix)m the tables). 
This looks complex, but it has the advantage over the 
condensation hygrometer that/ d, and A can be noted accu- 
rately, whereas there is some difficulty in determining by the 
other hygrometers the exact temperature at which dew is de- 
posited. The reason for the formula is not easily understood ; 
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its results agree with the best results of other hygrometers, 
and that being the case we must be content to accept it. 

Examples. XXIV. 

1. Describe any popular hygroscope. 

2. A person wearing spectacles finds that on entering a hothouse his 
spectacles are bedimmed. Explain this. 

3. When Ls space said to be saturated with vapour, and what is the 
effect {a) of a rise, {b) of a sudden fall in temperature in a space which 
is so saturated ? 

4. What is saturated vapour ? If a cubic foot of atmospheric air be 
compressed into half a cubic foot without any change of temperature, what 
change of pressure occurs ? If a cubic foot of saturated vapour, be similarly 
compressed into half a cubic foot, what change of pressure occurs ? Give 
reasons for your answers. 

5. Describe any * dew-point hygrometer,* and explain how, by its 
means, the moisture of the air may be determined. 

6. How would you determine the hygrometric state of the air by means 
of Regnault*s hygrometer ? 

7. Under what circumstances is dew formed ? What is the dew point ? 
How will the determination of the dew point give the pressure of the vapour 
of water in the atmosphere ? 

8. Explain what is meant by the dew point. How does the dew point 
show the amount of vapour in the atmosphere? Describe the mode of 
action of a dew-point hygrometer. 

9. The temperature of a room is 20° C. ; the dew point is 10® C. Find 
the hygrometric state of the air. 
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CHAPTER VIII. 

CONVECTION AND CONDUCTION 

60. Convection. 

In ebullition it has already been observed, how heat is 
carried from one part of the liquid to another, by the particles 
of the liquid being heated and carrying the heat with them as 
they move. Transference of heat by particles is called con- 
vection. 

Pour slightly warm water into a beaker as wide as possible. 
Place pieces of ice in a test tube, and dip the test tube into the 
water. By throwing light pieces of 

bran, etc., into the water, convec- H 

tion currents can be seen moving 
in the direction of the arrows. 
Remove the test tube and apply 
a small flame at the lower part ; 
again the currents circulate. Use 
both ice and flame ; the currents W WiPlffiii^ ^ 
move at a quicker rate (fig. 47). ^^°* 47. 

Water when heated expands ; when cooled to 4® C. it con- 
tracts. The water near the flame expands ; bulk for bulk there- 
fore it is lighter than the surrounding water. This forces it 
upwards and a current is formed. Near the ice the water con- 
tracts and becomes denser than the water below it ; it there- 
fore sinks and a current is formed. 

Imagine the beaker to represent the ocean, the test tube 
the icebergs and ice of the polar seas ; the reason for an upper 
current from the equator to the poles is apparent Water 
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conducts heat badly ; the heat of the sun therefore has less to 
do with the currents than the polar cold. 



6 1. Ventilation. 

Hold smouldering paper near a flame; the direction of the 
currents of air is seen. 

A flame can only bum in the air if the air be continually re- 
newed. Float a candle on a cork ; place a bell-jar with open top 
over it : the candle is soon extinguished. Relight and place a piece 
of cardboard cut like a T square down the mouth ; the candle bums. 
Hold smouldering paper near, and notice the direction of the 
currents— down one side of the cardboard, up the other. 

Hold a tube over a candle ; observe the increased brightness of 
the flame ; show with smouldering paper that there is an increased 

draught up the tube. The 
candle represents a fire, 
the tube the chimney. 
Heat the tube at its upper 
part ; the draught is im- 
proved (fig. 48). 




Fig. 48. 



The heated air ex- 
pands, becomes less 
dense than the surround- 
ing air; the denser air 
sinks and forces the 
heated air upwards. The 
warmer the air in the 
tube, the greater force the colder air exerts ; hence the im- 
proved eflfect in heating the tube. 

The draught in a chimney is due to the difference between 
the weight of the air outside and inside the chimney ; the higher 
the chimney the greater this difference will be. Narrow 
chimneys are better than wide ones, as descending currents 
are prevented. 



62. Heating with Hot Water. 



A, an inverted bell-jar ; B, an 8-ounce flask ; tubes as in 
figure* Fill all with cold water ; see that all bubbles of air are out 
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of B ; place a few fine particles of cochineal or pulp (obtained 
by grinding paper in a mortar) in the water. Colour the water 
in A, and apply heat (fig. 49). 

The hot water rises up 
the twisted tube; cold water 
descends by the straight 
tube. The circulation can 
be easily observed. 

B represents the boiler 
of a heating apparatus ; A, 
the supply cistern. A pipe 
runs from A to the bottom 
of the boiler; the pipe 
that supplies warm water 
rises from the top of the 
boiler. The pipe carrying 
the hot water must be so 
placed that there is a con- 
tinual ascent of the water ; 
it must not bend down- 
wards. The hot water in 
the pipes cools slowly, and 
in cooling gives up its heat 
and warms rooms, etc. 




Fig. 49. 



63. Conduction. 

Place the end of a bar of metal (a poker) in the fire ; heat 
travels along the bar, and soon parts cannot be touched with 
safety. 

The transmission of heat in this manner, by flowing from 
particle to particle, is called conduction. 

Place a copper and an iron rod, same diameter, end to end ; 
heat the junction with a flame. After some time note the point 
furthest from the junction where an ordinary match can be ignited 
without friction. With particles of solid paraffin find the point 
where paraffin just melts. 

Copper Iron 

Match ignites at distance of 12 inches 6 inches 
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Copper conducts heat better than iron. 

Place a silver spoon, an electro-plated spoon, and a leaden spoon 
in hot water ; test after a few minutes the ends with the finger, also 

with thermometer, and arrange 
them in order as to their con- 
ducting power — their conduc- 
tivity. 

Fasten a cylinder of wood 
into a brass tube of the same 
outside diameter. Wrap a 
piece of white paper tightly 
roimd the junction and apply 
aflame. 

The brass conducts the 
^^°- so- heat away so rapidly that the 

paper is left unscorched. Wood is a bad conductor and the 
heat therefore scorches the paper. 

Place a fine piece of muslin on a sheet of lead ; drop a live 
coal upon it 

Lead conducts the heat away, and the muslin is not burnt ; 
on wood, the muslin at once is scorched 

Fill an egg-shell with water ; place it in the fire : the heat is 
rapidly conducted away by the water. 

Make a cone by twisting foolscap paper, as is done by shop- 
keepers. Fill this with water, and boil the water by placing it on 
the fire. 

The egg and paper are not burnt 

Place a few scraps of lead in a pill-box ; heat gently at first 
The lead melts in the box. Place a strip of the lid in the molten 
lead ; it is charred. 



64. To Compare the Conducting Powers of Solids. 

Clamp the air thermometer. Place the cylinder of lead * on 
the top. Heat the cylinder of copper in boiling water. Hold 
it a minute in the steam to drain ; place it on the lead and wait 
two minutes. Notice the greatest depression in the scale. Re- 
move the lead and use similar cylinders of bismuth, brass, cork, 

' See Appendix. 
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wood, and another cylinder of copper, always using the copper 
cylinder as above. 

By this means arrange the substances in the order 
of conductivity : (i) copper ; {2) brass ; (3) bismuth ; 
{4) wood ; (s) cork. Each cyhnder is subjected to the 
same heat and each is the same length. 

Take a coffee-tin. Punch a hole in the side ; pour a 
little water into the tin, place on the lid, and boil. T^e the 
bismuth and the copper cylinder ; warm gently ; smear one 
side with wax and allow it to harden ; place both 00 the lid 
with the smeared face upwards : the wax on the bismuth 
melts first 

Compare this with the order above, and examine 
the table of speciiic heats. 

The reason is that it takes less heat to raise the | 
bismuth 1° of temp, than it does copper. Bismuth the 
sooner reaches the temperature at which wax melts. If "" "' 
after some time we try which is at the higher temperature with 
the thermometer, the copper will be the higher ; it is the best 
conductor. You now understand why throughout this chapter 
the words after some time have been used. 

65. Conductivity. 

In all experiments relating to conductivity the flow of heat 
must be steady. 

The relative conductivity has been found as follows. It is 
merely an extension of the last experiment. Rods of metal of 
the same diameter are inserted into 
the sides of a trough and are covered 
with wax. The trough is filled with ' 
oil and heated. When the flow of 
heat is steady the distance on each 
bar on which the wax is melted is 
measured. The greater the distance 
the greater the conductivity of the 
metal. By observing the wax melted "' 

at the beginning of the experiment before the flow of heat is 
steady, the specific heats can be roughly compared 
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The numbers obtained are relative ; they have no absolute 
value. We cannot say what 80 means on this scale ; we do not 
know the unit. The numbers are like the words i^ery high^ 
high^ iow^ applied to a building. Absolute numbers are like 
200 feet, 170 feet, 20 feet. 

Relative Conductivity of Metals, 



Silver 


. 100 


Iron . 


. 12 


Copper . 


• 74 


Lead. 


, 8 


Brass 


. 24 


Platinum . 


. 8 


Tin. 


. '5 


Bismuth . 


. 2 




(i(i. Absolute Conductivity. 

In order to define the absolute conductivity of metals, the 
following construction is imagined ; — 

The substance whose 
conductivity we wish to 
measure is supposed to be 
made into a plate, i centi- 
metre thick and of con- 
FiG. 53. siderable area. The two 

sides are each kept at a constant temperature, one being 1° 
above the other. When the flow of heat is steady, the 
quantity of heat that passes through i square centimetre far 
removed from the edges of the plate of the substance in one 
second, measures the thermal conductivity of the substance. 

Definition, — ^The thermal conductivity of a substance is 
measured by the number of units of heat which pass through 
a bar, the area of whose cross section is i sq. cm. and whose 
iength is i cm., in i sec, when the temperatures of the ends 
differ by 1° C. 

Units . . I cm. . i sec. . i gram 

Write out the definition when the units are i kilogram, 

I mm., I sec. 

Write out the definition when the units are i lb., i inch, i sec 
The amount of heat conducted will vary directly as the 

area, as the difference in the temperatures of the ends, as the 

time, and inversely as the length. 
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Example. 

One side of a brass plate i centimetre thick and i square decimetre in 
area is kept in contact with boiling water, and the other side with melting 
ice, and it is found that in 8 minutes 64*92 kilograms of ice are melted. 
Find the conductivity of brass in cm. gm. sec. units. * 

Area » icx> cm. Length - i cm. Time = 480 sees. Mass of ice 
melted « 64920 grams. /, Number of thermal units =» 64920 x 8a 
Diflference in temperatures in degrees C. = 100. 



Area in Length Difference in temp. Time in 

sq. cm. in cm. of faces (C.) sees. 

100 I 100 480 



Units of heat 
64920 X 80 

I I I I 64920 X 80 

100 X 100 X 480 

/. thermal conductivity of brass = — ^? — ^^ = i '082 

100 X 100 X 480 

when the units are c—g^s, 
' Examples in Heat, by R. E. Day, Longmans. 



67. Conductivity of Liquids. 

Pass the air thermometer through a bell jar, as in fig. 54. 
Fill the jar nearly to the top with water. * Float a small dish on the 
top containing alcohol ; ignite the alcohol. 






Fig. 54, 



Fig. 55. 



The index does not move, showing that water is a bad 
conductor. 
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Repeat the experiment, filling the jar with mercury ; the 
index moves at once. Mercury is a good conductor, and is 
an exception among liquids. 

Wrap copper wire round ice until it will sink in water ; place 
it in a test tube and cover it with water; heat the upper part with 
a small flame (fig. 55). 

The water can be boiled at the upper part without melting 
the ice. In the experiment with the air thermometer use a 
beaker containing a fireezing mixture instead of alcohol ; the 
index rises. This is not conduction but convection. The water 
cools and becomes denser ; thus it sinks. 

The conductivity of liquids, except mercury, is very small 
compared with that of metals. 

The conductivity of gases is smaller still than that of 
liquids ; in both, heat is transmitted by convection or radiation. 

68. Illustrations. 

The feeling of warmth or cold in our bodies is due in the 
greater part to conductivity. 

Iron is a good conductor, flannel a bad conductor. If we 
touch both at a temperature below that of the hatid, the iron 
conducts rapidly the heat from the hand. The hand feels 
cold. In the case of the flannel little heat is conducted away. 
If above the temperature of the hand, iron rapidly gives up its 
heat ; more is conducted to the part we touch ; it feels warm. 
In flannel, again, little is given to the hand, and heat from other 
parts is not conducted to the place we touch (§ i). In a 
Turkish bath the temperature is very high ; while we can touch 
woollen materials, and use carpet slippers or rest on wooden 
boards, a piece of iron would bum us. 

In Arctic expeditions all iron bodies are wrapped in flannel 
to prevent dangerous scalds by intense cold. Wood can be 
safely touched. 

Ice is packed in flannel or felt in summer ; being bad con- 
ductors they do not conduct the warmth to the ice. We dress 
in woollen fabrics in winter because they conduct very slowly 
the heat of our bodies to the external air. Water pipes are 
covered with straw in winter to prevent freezing. Hot lava has 
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flowed over beds of ice protected by ashes without melting 
the ice. Travellers imbed themselves in snow to prevent 
freezing, snow being r bad conductor. 

The brazier holds his tool with a wooden handle. The 
fur in the kettle, being a bad conductor, retards boiling. 

69. Safety Lamp. 

Lower a square of iron or brass gauze with close mesh upon 

aflame. Theflame bumsbelowthe gauze(Gg. 56). Putoutthegas, 

and placing the game two inches above the pipe, turn the gas 

oa Ugbt the gas above the gauze. It bums, but the gas below 



T 



4 



is not ignited. The gauze conducts away the beat so rapidly that 
the temperature of the part near the flame does not rise high 
enough to ignite the gas. 

The safety lamp is surrounded by a gauze of close mesh. 
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It is lighted before entering the mine. Even if surrounded by 
an explosive gas the heat is conducted away rapidly, and the 
gauze is never heated sufficiently to ignite the gas ; the flame 
goes out when the air becomes impure, and the flame is an indi- 
cation of the danger the miner is subjected to. A strong wind 
or a sound wave caused by an exploding shot may force the 
flame against the mesh, heat it, or even force it through, and 
thus cause explosions. The Davy safety lamp (fig. 57 ) is, then, 
not absolutely safe, and serious attempts are being made to 
improve it 

Examples. XXV. 

1. In the coldest or hottest weather you can handle wood without pain, 
but not metal. How is this? 

2. How would you compare the conducting power of zinc and silver ? 

3. How would you show that (a) mercury is a good conductor and 
{h) water is a bad conductor? If mercury and water be both at the 
temperature of the room, the mercury feels colder to the touch than the 
water. Why ? 

4. Describe the construction of the safety lamp, and explain the use of 
the wire gauze. 

5. Two equal bars of copper and bismuth are coated with wax ; one 
end of each is exposed to the same source of heat. When first examined 
the greater amount of wax is melted on the bismuth ; after some time the 
greater amount is melted on the copper bar. Explain these facts. 

6. When very short cylinders of lead and copper are placed with one 
end of each in contact with a hot body, it is found that the other end of the 
lead cylinder gets hot soonest, whereas with longer cylinders of the same 
metals the reverse appears to be the case. Explain the reason of this. 

7. How many gram degrees of heat will be conducted in an hour 
through an iron bar two square centimetres in section and four centimetres 
long, its extremities being kept at the respective temperatures of 100° C. 
and 178° C, the mean conductivity of iron being '12 ? (The units are a 
gram, a centimetre, a second, and a degree Centigrade. ) 

8. W^hat is meant by the conductivity of a body for heat ? Show how 
the conductivity of a bar of iron may be accurately determined. An iron 
boiler containing water at 100^ C. is 3 centimetres thick, and keeps the 
room in which it is placed at a temperature of 30° C. If the conductivity 
of iron is 1*29 unit per hour, find how much heat is given off per hour 
from one square centimetre of the surface. 

9. Explain by a sketch how a building is heated by hot w^ater carried 
in pipes from a boiler in the basement of the building. 
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CHAPTER IX, 

RADIANT HEA T— REFLECTION— ABSORPTION-^ 
RADIA TION— TRANSMISSION. » 

70. Radiant Heat. 

When heat is transmitted by conduction^ particle after particle 
of the body is heated ; in convection small particles are heated, 
and these move and carry heat with them. 

Conduction and convection do not explain how the heat 
of the sun reaches the earth, nor how the heat of the fire 
warms the room. There is no medium between our atmo- 
sphere and the sun that can conduct heat or transmit it by 
convection. The heating of the room is not accompanied by 
currents of warm air spreading from the fire. 

On mountains, the heat of the sun is frequently oppressive 
in one place, while a few yards away in the shade it is intensely 
cold. If the air conducted the heat of the sun, or was a means 
of convection^ such a marked difference would not be felt. In 
the glare of summer sun a sunshade at once gives relie£ A 
hand screen held between the face and the fire at once pro- 
tects the face. The heat is transmitted without heating the 
air, and the heat is only felt when it is stopped by the earth, 
our bodies, or some object. Heat transmitted in this way is 
called radiant heat. 

It is believed that radiant heat is propagated in waves, and 
for the time being is not sensible heat ; these waves strike an 
object and heat it. Radiant heat can be tested experimentally 
to examine whether, like light, it is reflected and refracted. 

' This chapter should be read after the chapter on Reflection of Light 



7»' Reflection. 

Blacken one bulb of the differential thermometer with lamp- 
black : the bulb becomes more sensitive ; it absorbs heat better than 
before. Draw a semicircle 
on the table 2^ feet radius, 
and graduate it as in fig. 
58. At the centre place a 
sheet of tin M vertical. 
Place one of the tin tubes on 
the radius 40 ; heat the cop- 
' per ball C, and place it at the 

" end of this tube. Move the 

"" '*■ other tin tube, pointing one 

end to the centre, the blackened bulb of the thermometer T being in ' 
the other end, until the index moves ; find the position carefiilly ; 
the tube will be over 40° to the right of 0°, Experiment in different 
positions. 

Poiilian of Ban Podtion of ThemonKter 

60 60 



Heat is reflected according to these laws: — (1) The angle 
of incidence equals the angle of reflection. (2) The incident 
ray, the normal, and the reflected ray are in one plane. 

Compare reflection of light and sound. 

While the ball is at 30° and the thermometer at 30°, move the 
tin plate, and substitute cardboard blackened with lampblack ; the 
thermometer indicates that no heat is being reflected. Replace the 
tin plate ; the index at once moves. 

When the ball is very hot, note the movement caused by the 
tin plate ; replace it by a plate of polished brass : the thermometer 
indicates that more heat is being reflected. 

Polished brass is a good reflector. 
Polished tinplate is a fairly good reflector. 
Lampblack is a bad reflector. 
By such experiments (the weakness of our arrangement is 
that the ball coots rapidly) and by using a source of heat that 
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reniained constant, substances have been arranged according 
to their comparative powers of reflecting radiant heat 
Polished brass . .100 Lead . . .60 
Silver. ... 90 Glass . .10 

Tin . , , . 80 Lampblack ■ ■ o 
Steel .... 60 

72. Reflection from Concave Mirrors. 

By using concave mirrors it can be shown in a more 
striking form that radiant heat is reflected in the same way as 



lighL The mirrors are arranged and their foci determined 
{see 'Light'). Atone focus, «, is placed the hot copper ball; a 
piece of phosphorus placed at the other, m, is at once ignited, 
or a small flask of water can be warmed 

Protect « by a screen from the direct rays from n. No 
change is made in the heating effect 

If one of these mirrors be directed to the sun, pieces of 
wood or paper are ignited at the focus. The derivation of the 
word focus, a hearth, is apparent 
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Substitute a flask containing ice and salt for the copper ball ; 
test the other focus with the thermometer : apparently cold b 
reflected See § 78. 

The rays of heat pass from the bait to its mirror ; they are 
then reflected to the other mirror j from it they are reflected to 
the focus. 

Leslie's arrangement was as follows :— 

He used one reflector ; his source of heat was a cube con- 
' taining water kept at boiling-point ; the conjugate focus is at F 
(fig. 60). (See < Light') He ananged a small plane reflector 



between the mirror and F, so as to focus the heat rays upon the 
thermometer. He then used diflerent reflectors, and from the 
eflect upon the thermometer constructed his table. 

73. Absorption and Reflection. 

If in fig. 60 the reflecting surface (the small square) were 
very thin, and were the side of a cube that formed the large 
part of an air thermometer, we could at the same time compare 
the absorbing power and the reflecting power of a body. In 
'he actual experiments Leslie removed the reflecting body and 
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placed the differential thermometer at the focus, covering the 
bulb in turn with lampblack, gold leaf, tinfoil, etc., and con- 
structed a table showing the relative absorbing powers of bodies. 

Take two sheets of tin ; cover one side of one with lamp- 
black ; place them each one foot from the hot copper ball, with two 
thermometers applied to the sides away from the heat Test which 
absorbs most heat, or make a differential thermometer with a long 
connecting tube, so that a bulb is behind each plate. The back of 
the plate that has the blackened side turned to the ball is heated 
much more than the other. 

Other illustrations of the absorbing power of bodies are 
numerous. 

Water boils more quickly in a kettle covered with soot 
than in one new and polished. The soot absorbs heat better' 
than polished metal. 

Place the differential thermometer so that both bulbs are at 
the same distance from the hot copper ball ; the index informs 
us that the blackened bulb absorbs more heat than the clean 
bulb. 

In winter the ice and snow beneath the ashes melt sooner 
than the ice that is uncovered ; the ashes are good absorbers. 

The best absorbers (lampblack, ashes, rough surfaces) 
are the bodies that were found to be bad reflectors, while 
GOOD reflectors (pollshed metals) are bad absorbers. 

74. Radiation. 

Bodies not only reflect heat but radiate heat from their 
surfaces when they have been heated. 

Comparative experiments are easily performed. 

Fill four similar coffee tins with hot water, having previously 
painted one with lampblack, a second with isinglass, pasted tissue 
paper over a third, leaving the fourth bright Place them on a 
piece of wood, and test them in five minutes. 

Bright tin. Isinglass. Paper. Lampblack. 

The lampblack has radiated most heat, the polished tin 
least By repeating this with different materials a comparative 
table can be constructed. 
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Treat the four sides of the Leslie cube in this way (cover 
one with lampblack, etc.), and hold the thermometer at equal 
distances from the surfaces. 

Leslie used the apparatus in fig. 60, coating the cube with 
the substance and keeping the same reflector \ from the effect 
on the thermometer he deduced the table of radiating or 
emissive powers. 

Good radiators are good absorbers and bad reflectors. 

Bad radiators are bad absorbers and good reflectors. 

The absorbing and radiating power of a surface are equal. 

75. Diathermancy. 

Some bodies — such as glass, air — transmit heat. The 
heat of the sun reaches us through the air, and the glass of the 
windows does not prevent it entering our rooms. Bodies differ 
in their power of allowing radiant heat to pass through them. 
Bodies that transmit radiant heat are called DiATHEkMANOus. 
Bodies that do not transmit radiant heat are called ather- 

MANOUS. 

Using eithet' a sunbeam or a parallel beam from a lantern, 
allow it to fall upon a thermometer; interpose a glass cell filled with 
water and observe the temperature of the thermometer ; when it is 
steady test the temperature of the water. 

Repeat the experiment, using carbon disulphide. 

Water transmits fewer heat-rays than carbon disulphide, 
but it absorbs more ; therefore its temperature rises higher than 
the temperature of carbon disulphide. 

In winter repeat the experiment, using a clear sheet of ice ; 
ice refuses to transmit the rays, but it is rapidly melted. 

Although water and ice are more transparent to light than 
carbon disulphide, they transmit less heat. 

With a lens focus the rays after they pass through the carbon 
disulphide upon a piece of platinum, add iodine to the liquid until 
no light passes, and note that heat still passes and affects the 
platinum. 

Heat may be transmitted without being accompanied by 
the phenomenon of light. 
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The amount of heat transmitted depends upon the source 
of heat ; for instance, glass transmits heat fairly, when the source 
is at a high temperature (the sun, a hot fire), but transmits none 
when the source is at a low temperature (heated furniture, 
walls of greenhouses). Windows of a greenhouse allow many 
rays of heat firom the sun to pass ; the rays heat the interior, and 
bodies inside radiate again their heat ; but glass is athermanous 
to heat rays when the source is at 100^ or below 100° C; thus 
the heat accumulates in the greenhouse. The glass serves as 
a trap to catch the sunbeams. 

Aqueous vapour transmits freely the heatf from the sun 
during the day, but it serves as a screen to prevent radiation 
at night, being athermanous to heat firom sources at a low tem- 
perature. (See * Dew.') 

'Remove for a single summer night the aqueous vapour 
from the air which overspreads this country, and you will 
assuredly destroy every plant capable of being destroyed by a 
freezing temperature. The warmth of our fields and gardens 
would pour itself unrequited into space, and the sun would 
rise on an island held fast in the iron grip of frost. The 
aqueous vapour constitutes a local dam by which the tempera- 
ture of the earth is deepened ; the dam, however, finally over- 
flows, and we give to space all that we receive from the sun.' * 

When radiant heat strikes a body, the heat is broken up 
into (r) reflected heat, (a) absorbed heat, (/) transmitted heat, 
{R) radiated heat Total heat =r-|- a+t^R. 

In the case of lampblack /'rr^, /=^, .". total =«-fi?. 

In the case of polished silver t=o, R=o nearly, a=o nearly, 

.•.total=r nearly. 

76. Intensity. 

The intensity of radiant heat varies inversely as the square 
of the distance from the source. (See * Light,' * Sound.') 
For an experimental proof of this, see * Ganot's Physics.' 

^ Tyndall, Ifeat a Mode of Motion, 

H 
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77. Theory of Exchanges. 

Experiments on radiant heat have led to the general adop- 
tion of the Theory of Exchanges, first stated by Prevost. 
This theory states — 

That bodies radiate heat at all temperatures, and that the 
amount radiated depends upon the body itself and not upon 
surrounding objects ; that a red-hot ball radiates the same 
amount of heat whether placed in the middle of a furnace or 
hung up in an ice-house ; that ice radiates the same whether 
in an ice-hous« or hung up in front of a furnace. Bodies 
also receive heat from surrounding objects. When a body 
radiates more than it absorbs, its temperature falls ; when 
it absorbs more than it radiates, its temperature rises. If the 
radiation equal the absorption there is thermal equilibrium and 
the temperature is constant. 

Explain the apparent reflection of cold in § 72 

Examples. XXVI. 

1. Why is glass used in a greenhouse % 

2. Explain Franklin's experiment : he placed several pieces of coloured 
cloth upon snow when the sun was shining ; he found that the darker 
pieces sank farther than the lighter ones. 

3. Polished fire-irons in front of a big fire are cooler than rusted fire- 
irons. Give the reasons. Is brick or polished steel the best substance for 
the back of a fire-place ? 

* 4. , Neglecting the weight, will a helmet of polished brass or one of 
white cloth be the cooler in the sun's rays ? Why ? 

5. Explain how to determine the emissive powers and the absorbing 
powers of substances for radiant heat, and state the relations which exist 
between them. 

6. How are the radiation, reflection, and absorption ot heat related to 
one another ? Describe the apparatus which has been used to prove the 
laws of radiation and reflection of heat. 

7. Will water boil as quickly in a bright metal kettle as in a kettle 
that is blackened with use? Which will retain the heat the longer after 
they are removed from the fire ? 

8. A thermometer, placed in an open black box, is exposed to the sun. 
When a glass cover is placed on the box, the temperature of the ther- 
mometer rises ) explain the cause of this rise of temperature* 



99 



CHAPTER X. 

IVINDS^OCEAN CURRENTS- RAIN^SNO W—DE W. 

78. Winds. 

In Chapter VIII. we learned that in the case of fluids (liquids 
or gases) with a free surface convection currents could be 
produced (i) by heating the lower surface or (2) by cooling 
the upper surface, the result in (i) being that the fluid be- 
comes less dense by expansion, and that a cubic inch weighs 
less than a cubic inch above it. Gravitation acts and the 
heavier upper fluid forces its way to the lower position. In 
(2) the fluid contracts and the cubic inch becomes denser than 
a cubic inch below it ; by gravitation the heavier portion sinks. 

The motion of air currents has already been illustrated by 
the currents in rooms and near heated bodies. The radiant 
heat from the sun passes through the atmosphere, but little of 
it being absorbed. 

The earth is heated at its surface, land and water receiving 
the same amount of heat for equal areas. This heating is the 
greatest at the tropics. The heated earth heats the stratum 
of air near it, and this is pushed upwards by the denser air 
from the temperate and polar regions. If there were no 
motion of the earth, and the earth were a cylinder, there would 
be a steady wind from the north and the south poles to the 
tropics. 

The earth rotates on its axis from west to east. The air 
rushing from the north to the equator will not only have a 
direction to the south, but will also have an easterly direction, 
due to the motion of the earth at the place it starts from. If it 
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meet a person as it flows to the south, his speed to the east 
will be greater than that of the wind ; he will therefore cut 
through it, and it will appear to him as a wind from the north- 
east This is the north-east Trade Wind ; in the south hemi- 
sphere it is the south-east Trade. 

The upper current cannot all crush into the small space 
at the poles ; it descends about 30° latitude ; its motion to the 
east is greater than the motion of the earth at 30® N. and it 
rushes past a person in that latitude as a wind from the south- 
west (in the southern hemisphere as a wind from the north-west). 
These form the counter-Trades. 

79. Land and Sea Breezes. 

The specific heat of water is greater than that of land. 
Water is a good reflector, therefore a bad absorber of heat 
and a bad radiator of heat. Land is a bad reflector, a good 
absorber, and a good radiator. During the day the land 
absorbs the heat of the sun, and its specific heat being low, the 
land is soon heated. The sea reflects a great part of the heat, 
and its high specific heat and its motion cause little alteration 
in its temperature ; evaporation also takes place, and this again 
keeps down its temperature. 

The result is, the heated air rises from the land and a breeze 
sets in from the sea. 

At night the earth radiates rapidly, the sea slightly ; soon 
the temperature of the land falls below that of the sea, and a 
land breeze ensues. 

80. Ocean Currents. 

We cannot expect the regularity in the case of ocean 
currents that we have in the case of winds ; the land interferes 
with their action. Water is a bad conductor ; it is therefore 
probable that the chief cause of ocean currents is the sinking of 
the cold water at the polar regions (§ 60) ; this causes a flow of 
warmer water from the equator. The water at the equator has 
a high speed towards the east ; this would give a general current 
from the south-west in the northern hemisphere, if no other effect 
were to be considered. The effect of the north-east Trade Winds 
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is to give a westerly direction to the current. This tropical 
current divides; one branch travels south along the coast of 
Brazil, the other part flows along the coast of Guinea and enters 
the Gulf of Mexico; it escapes by the narrow opening of the Gulf 
of Florida, and, urged by the pressure behind, its flow of warm 
tropical water is forced across the Atlantic Ocean to the shores 
of Europe. It is doubtful, however, whether the climatic effects 
attributed to the Gulf Stream are entirely due to it. 

8i. Rain — Snow — Hail. 

The effect of solar heat on the water of the globe is to 
cause evaporation ; the air becomes charged with aqueous 
vapour, and the mixture of aqueous vapour and air being lighter 
than air alone (§ 59), the upward tendency of the heated air is 
aided. As it rises the pressure is reduced ; expansion ensues ; 
the heated air, in expanding, does work. This cools the vapour, 
and it condenses as fine particles of water and forms clouds 
(§ 29). In condensation heat is liberated ; this retards further 
condensation. If the precipitation of cloud go on rapidly, the 
particles become larger and descend as rain. 

The above explains the heavy rainfall in the tropical regions. 

If the current of air charged with aqueous vapour be cooled 
by any means, by mixing with a colder current or by coming 
against the cold surface of a mountain, condensation takes place 
and clouds form ; ultimately rain falls. In this condensation 
heat becomes sensible ; thus we have our warm south-west rains. 

If the earth be heated so that the air rising is saturated with 
vapour, the vapour is frequently condensed close to the surface, 
and forms mists and fogs. 

In all cases it is probable that particles of water are only 
formed from vapour when dust particles are present in the air for 
the vapour to condense around. And experiments by Aitken 
show that if the air were free from particles of dust, mist^ 
clouds, and rain could not form. 

When the temperature falls below o'' C. the condensed 
aqueous vapour freezes as small crystals ; these crystals unite 
and form snow. 
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Hail is probably formed when rain passes through a cold 
region of the atmosphere, but no very satisfactory explanation 
has been given. 

82. Dew. 

When the air is cooled below the dew-point (§ 55) the 
aqueous vapour is condensed and is deposited. 

The earth radiates at night the heat it receives during the 
day. This radiant heat scarcely affects the air through which 
it passes. If the day has been warm the air is saturated with 
aqueous vapour. The temperature of grass and objects near 
the ground by radiation falls below the dew point, and dew 
is deposited. We should expect that good reflectors, being bad 
radiators, would not readily cool. This is the case ; dew is 
not deposited on bright metal and pebbles when grass and leaves 
are affected. On cloudy nights the clouds serve as a screen 
(§ 75)> and radiate back to the earth the heat it radiates. Dew 
is not formed on cloudy nights. 

If when dew is forming the temperature fall below o® C. 
the vapour is frozen and forms hoar frost. If the dew has first 
been formed and then frozen the result is black frost. 

In India, shallow pans filled with water are placed on straw 
(a bad conductor) at night. The heat radiates so rapidly from 
the water that the water freezes. 

Examples. XXVII. 

1. State what are the conditions favourable for the formation of dew. 
Describe an instrument for determining the dew point and the method of 
using it. 

2. Explain why the grass in a garden is frequently found to be wet in the 
morning (though there has been no rain) while the gravel paths are dry. 

3. What is the * dew point ' ? How is the deposition of dew aifected 
by the presence or absence of clouds in the sky ? A table knife with a 
black handle is left exposed to the atmosphere in the evening ; which part 
of the knife, the handle or the blade, will be first covered with dew ? Give 
reasons for your answer. 

4. State the influence of the sun's radiation, and of the rotation of the 
earth in causing * Trade Winds.' 

5. Explain the production of land and sea breezes. How are the Trade 
Winds caused ? 

6. Explain how ice can be formed in India. 
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CHAPTER XI. 

THE MECHANICAL EQUIVALENT OF HEAT. 

83. Sources of Heat. 

The heat used in the experiments in this book has been 
derived from the following sources : — 

(i) The Sun. — ^The heat reaches the earth by radiation. 
We believe that, with light, heat travels in waves. 

(2) Chemical Action. — ^The combustion of coal gas has 
frequently been used ; the burning of fuel is at once suggested ; 

^whenever chemical combination takes place, it is accompanied 
by heat or by the absorption of heat. 

(3) Mechanical Sources. — (a) Compression : see the fire 
syringe (§ 29). (p) Percussion : by hammering a piece of metal 
its temperature can be raised ; water in falling down a precipice 
is heated, (c) Friction : illustrations are easily found ; a brass 
button rubbed upon wood, a saw after use, metal plates when 
punched or sheared, are so hot that they cannot be touched 
with safety ; bore with a gimlet in a piece of hard wood and 
feel the gimlet after withdrawal ; the friction at the axle of a 
railway carriage develops heat sufficient to ignite the woodwork 
if the axle be not continually lubricated. 

(4) Change of Physical State. — ^When vapour condenses 
(§ 54); when liquids solidify and during crystallisation (§ 45). 

Other sources are — 

(5) Electricity. — When the current is resisted the heat is 
sufficient to cause incandescence, as in the case of the electric 
lamps. 

(6) The Earth is also a storehouse of heat and supplies the 
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heat of volcanoes, geysers, and hot springs. The tides are 
another source of heat. 



84. The Nature of Heat — the Mechanical Equivalent 

OF Heat. 

The student has been frequently warned that he must not 
entertain the notion that heat is a fluid with or without weight 
(whatever that may mean) ; we have been able to measure heat, 
to decide upon a unit of heat, and to treat it as a quantity. 
All that can be done in an elementary work is to repeat the 
warning. After understanding this book, the reader should 
study Clerk MaxwelFs * Theory of Heat,' where he will find a 
complete view of the modern theory * that heat is a form of 
energy.' See also the last chapter in ' Light.' 

Energy is the power of doing work. The experiments in 
§ 83, par. 3, tell us that when work is done heat is produced ; 
the action of a steam engine tells us, that the heat from the com- 
bustion of coal heats the water, and the pressure of the steam 
moves the piston and does work. The exact relation between 
the unit of heat and the unit of work was shown by Joule in 
this way. 




Fig. 61, 



B is a copper vessel with a brass paddle wheel — the dotted lines — that 
rotates when Uie axis A is turned. A is turned when the weights E, F fall ; 
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the distance they fall is shown by the scales H, G. The cords pass over 
pulleys as frictionless as possible. The water in B was weighed, its 
temperature noted ; the weights were allowed to fall ; they did work in 
turning the paddle. 

The result of the work was to raise the temperature of the 
water in B. From an enormous number of careful experiments 
Joule concluded that, on the Fahrenheit scale the work done by 
I lb. falling 772 feet (or 772 lbs. falling i foot) is capable of raising 
the temperature of one pound of water from 50° F. to 51° F. 

772 foot pounds of work is called the mechanical equivalent 
of heat on the Fahrenheit scale, or the amount of work that 
must be converted into heat to raise one pound of water i° C. 
is 1390 foot pounds (f of 772). 

As a foot pound is not a constant quantity, but changes 
with the latitude, it is better to say that the mechanical equi- 
valent of heat is 772 ^ poundals of work. 

The later determinations of Rowland suggest that, retaining 
the same units, 780 is nearer the truth than 772. 

Worked Examples. 

1. An iron ball weighing i lb. falls through 4170 feet ; if all the heat 
generated be communicated to the ball, find the rise of temperature when 
its fall is arrested. The specific heat of iron «= *i 14. 

The ball does 4170 x i foot pounds of work, or work that would raise 

I lb. of water ^ ' Centigrade degrees of temperature. 
1390 

Therefore the iron ball would be heated 1 3 x j degrees. 

Answer : 26 '3° C. 

2. A mass of zinc falls from a height of 200 feet ; through how many 
degrees F. will its temperature be raised when it strikes the ground, if 75 
per cent of the heat be used in heating the zinc ? 



The mass in falling would raise an equal mass of water through 



200 



772 
degree Fahrenheit, if no .heat were lost 

The specific heat of zinc is '095 ; therefore the zinc would be raised in 

temperature, — - x x 75 degree. 

3. A mass of a ton is lifted by a steam engine to a height of 386 feet ; 
what is the amount of heat consumed in this act ? 



io6 Heat 

Work done s 2240 X 386 foot pounds. 772 foot pounds raise the 
temperature of i lb. of water through i degree Fahrenheit Therefore 

the heat consumed would raise i lb. of water through ^ ^^ — d^^rees ; 

772 

that is, 1 1 20 degrees; or would raise 1120 lbs. of water through one 

degree. 

4. A loo-lb. shot strikes a target with a speed of 1400 feet per second. 
If all the heat generated by the collision were imparted to 100 lbs. of 
water at 60^ F. , how many degrees would the temperature of the water be 
raised ? 

The energy of the shot in gravitation units is ^^—^ — 1^-A — foot 

2 X 32 

pounds. 

To raise 100 lbs. of water i degree F. requires 100 x 772 foot pounds 

of work ; 

/. the water will be heated through '^^ 1400x1400 ^^^^^ 

2 X 32 X 100 X 772 

Examples. XXVIII. 

1. How high can a mass of 10 tons be raised against gravity, by the 
expenditure of the quantity of heat, that would raise I lb. of water at 0° 
to 50° C. 

2. How much heat is expended in lifting a mass of i ton 100 feet ? 

3. A lead bullet weighing 2 oz. falls 100 feet ; by what amount will its 
temperature be raised when it reaches the ground, if all the heat is ex- 
pended in heating the bullet ? Specific heat of lead — '03. 

4. A waterfall is 336 feet high ; if all the heat be used in heating the 
water, find the difference in temperature between the water at the top and 
the bottom of the fall. 

5. The whole of the heat generated when 60 lbs. of lead falls from a 
height of 695 feet, is used in melting ice. How much ice will be melted ? 

6. How did Joule determine the mechanical equivalent of heat ? 

7. If you were to pour a pound of molten lead and a pound of molten 
irofD, each at the temperature of its melting point, upon two blocks of ice, 
which would melt the most ice, and why ? 

8. How many pounds of steam at 100^ C. will melt 50 lbs. of ice at 
o® C. to water at oP C. ? 

9. On the Centigrade scale, find how many thermal units are needed to 
change 10 lbs. of ice at 0° into steam at loo^ 
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CHAPTER I. 
PRODUCTION AND SPEED OF SOUND. 

I. Cause of Sound. 

Sounds are produced by the following among other methods : — 

Stretch a string tightly and pluck it The string moves and a 
sound is produced, which ceases if by any means the motion of the 
string is stopped (fig. 62). 
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Hold a bell jar in one hand ; place a small glass bead in the jar. 
Strike the jar with a piece of wood ; a sound is heard (fig. 63). 

The glass is in motion, shown by the movement of the 
bead. 




Fig. 63. 

Strike a tuning-fork until it gives forth a sound ; hold it so that 
it touches a glass bead suspended by a threacL 
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The bead is forced away— the fork is in motion. 

Whenever a sound is produced the body producing the 
sound is in motion. 

A body that emits a sound is called a sonorous body. 

Place a glass plate upon a reel ; 
press the centre firmly with the thumb ; 
sprinkle the surface with fine sand. 
Let an assistant touch the plate at one 
part, while a violin bow is drawn over 
another part, until a sound is pro- 
duced. 

The motion of the plate is 
shown by the beautiful figures de- 
scribed by the sand, which col- 
lects along the lines where there 
is no motion, and moves from the 
part where the plate is in mo- 
FiG. 64- tion. 

By pressing at the point marked C (fig. 65), damping with the 
fjr.ger at a, and bowing at b, different sounds will be produced, 
each sound having its particular figure. 




In fig. 64 the plate is shown attached to a stand ; the simpler 
method given above is sufficient Plates of metal will answer better 
than those of glass. 
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This method of showing motion in plates was discovered 
by Chladni. 

2. Sound is not Propagated 
IN A Vacuum. 

The sounds produced are 
perceived by the ear. How do 
the sounds reach the ear? Is 
the presence of air necessary ? 

Place an alarum clock under 
the bell jar of an air pump, resting 
it on cotton wool, or suspending it 
by silken threads. Set the alarum 
to ring in five minutes. Exhaust 
the receiver (fig., 66). 

The sound of the alarum, 
when heard, is feeble, and if a 
good vacuum is produced the 
sound is not heard at all. Ad- *■"=■ ^'•■ 

mit the air; the sound gradually increases in intensity. 

This can be shown with- 
out the aid of an air pump. 

Fit a strong flask with a good 
india-rubber cork, having two 
holes ; pass a piece of glass rod 
through one hole To the rod 
attach a piece of india-rubber 
tubing; to the end of the tubing 
attach a small toy bell. Insert ( 
the cork, shake, and notice 
sound produced. Cover the 
bottom of the flask with water. 
Warm carefully, dry the outside, 
and heat with the naked tlame 
until the water boils briskly. 
Hold the flask in one hand and 
a glass stopper in the other. 
Move the flask from the flame, and a 
firmly the stopper (fig. 67). 







no Sound 

As the flask cools the water vapour condenses and leaves a 
vacuum. 

Shake the flask and compare the sound heard with that 
when the flask was full of air. 

Sound is not propagated in a vacuum. 

When the water is cold it will be found difficult to remove the 
cork. Place the Hask on a sand bath until the water is warm ; it 
can then easily be removed. 

Dry the flask and hold it over a coal-gas jet ; the gas will 
displace the air. Insert the india-rubber stopper and ring the 
bell. The sound is much fainter than when filled with air. 

■ 

The result is more marked if it be filled with hydrogen gas. 

Fill the jar with carbonic acid gas. This gas is heavier 
than air (coal gas and hydrogen are lighter than air). The 
sound is louder than in air. 

The loudness depends on the density of the gas in which the 
sound originates^ not upon the gas (air) surrounding the person 
who hears the sound. 

The air on mountain-tops is less dense than the air in the 
valleys: sounds produced on the former are enfeebled ; a pistol- 
shot sounds like the report of a good popgun. If, however, a 
cannon be fired in the valley, the sound as heard by two persons 
each half a mile off, one on the top of a mountain and the 
other farther down the valley, will be of the same intensity. 

3. Speed > of Sound in Air. 

The flash of lightning is seen before the sound of thunder 
is heard, though both occur simultaneously. 

The flash of a cannon precedes the report. If a sea 
target, a cannon, and a spectator be placed at corners of an 
equilateral triangle, the spectator sees first the flash, then the 
column of water caused by the shot striking the sea, and last 
of all hears the report. Thus a person within range would 

* Speed is the rate of motion. The speed of a point is called its 
VELOCITY when the direction in which it is moving is taken into account 
The two terms are frequently used synonymously. 
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have no intimation of danger, by the report preceding the 
shot. 

The speed of sound in air is, therefore, less than the speed 
of light, and less than the speed of a cannon ball. 

To Measure the Speed of Sound in Air. 

The distance between two places is exactly measured. At 
station A a cannon is fired ; at station B the observer notes 
how long after seeing the flash the report is heard. A cannon 
is now fired at B, and the time is taken at A. The average of 
several results is taken. 

Two stations were 61,045 f^^^ apart ; the report was heard 54*6 
seconds after the flash was seen. 

Speed of sound in air ss ^^^^ feet per second = 1118 feet 

54*6 

per second. 

This assumes, that the time it takes light to travel any 
ordinary distance is so small, that it can be disregarded. (Light 
travels 20 miles in ^gViy of a second.) By firing cannon at 
both stations, and taking the average, the action of the wind is 
allowed for. 

The observers obtained different results according to the 
temperature \ the higher the temperature the greater the speed. 
At o® C. the speed is 1090 feet per second; 2 feet can be added 
for every degree At 15° C (ordinary temperature) the speed 
is (1090+30) feet per second ; that is, 11 20 feet per second. 

Changes in the barometer did not affect the results. 

Ordinary observations show that all sounds travel at the 
same rate ; otherwise it would be impossible to distinguish a 
tune played by a band at a distance. The sounds would mix. 

Certain observations in the Arctic regions show that a loud 
sound travels quicker than a gentler one. The report of a 
cannon was heard before the word of command to fire. 

4. Speed of Sound in Water. 

Two boats were stationed on Lake Geneva a measured 
distance apart* One boat had a bell C under water (fig. 68) ; 
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this was struck by a hammer b, the hammer being worked by 
a lever a, which at the same time moved the lighted wick e, so 
that it ignited the gunpowder m. The /jbserver in the other 
boat, fixed the end t? of a bent trumpet in his ear, the open 
part, fg, being turned towards the bell ; the flash of the gun- 
powder announced when the bell was struck, and the observer 
noted the time that elapsed before the sound reached him. 

The stations were 51,700 feet apart, ttie sound was heard 
1 1 seconds after the flash was seen. 



.: speed of sound in water=47oo feet per second. The 
average results give a speed of 4708 feet per second ; that is, 
4 times the speed in air. 

Changes of temperature have not a marked effect upon the 
speed of sound in water. 

Liquids Transmit Sound. 
On the sound-board place a dish of mercury; dip into this a 
glass tube a foot long, closed at one end. Pour water into the 
tube. Strike the tuning-fork ; the sound is feeble. Put the stem 
into the water ; at once the sound is reinforced. The stem of 
the fork should be fixed into a conical piece of cork or wood. 
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The sound waves travel through the liquids, and give up 
the vibrations to the board ; this communicates them to the air. 

5. Speed of Sound in Solids. 

It is a common experiment for one person to place his ear 
against a telegraph post, while another strikes the next post 
with a stone. Two sounds are heard, the first conducted by 
the wire, the second conducted by the air. The first sound is 
the more distinct. 

Sounds travel quicker in solids than in air, and are conveyed 
with greater intensity. 

Remove the lids fi'om two cigar boxes, bore a hole in the bottom 
of each, pass the end of a cord through and tie it to the end of a 
piece of twisted wire. Stretch the cord ; use fifty yards, or, better, 
100 yards. Hold the boxes so that the bottoms are towards each 
other. 

The slightest tap or scratch on one is distinctly heard if the 
ear be placed against the other. Place a vibrating tuning-fork 
near one. Sounds that usually cannot be heard at that.distance, 
are distinctly heard when the sound is transmitted by cord ; 
better results are obtained by using wire. Bending the cord 
round posts, or comers, does not interfere with the success of the 
experiment 

The speed of sound in solids is so great, that methods 
similar to those for determining the speed in air and water, 
cannot be used with accuracy. Biot, by experimenting upon 
the cast-iron water pipes in Paris, concluded that sound had a 
mean speed of 3250 metres per second. The other methods 
used will be given later. 

The speed of sound — 

(i) In air at 0° = 1093 feet per second 
(add 2 feet for every degree Centigrade) 

(2) In water = 4780 feet per second. 

(3) In copper =11666 „ 

(4) In iron = 16822 „ 

A body that produces sound is in motion and is called a 
sonorous body. 
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Examples. I. 

1. How would you show that sound is not transmitted by a vacuum ? 

2. Give some familiar evidence that sounds of all kinds travel nearly 
at the same rate. 

3. Describe any experiment which occurs to you, for showing that sound 
is capable of being transmitted through liquids. 

4. Explain in what way, the velocity of sound in water has been experi- 
mentally determined. 

5. You see a flash of lightning, and you hear the thunder which follows. 
Supposing the velocity with which the sound of thunder travels through 
the air to be known, how would you determine the distance of the 
lightning flash ? 

6 The temperature on a certain day is 15° C. ; the report of a gun is 
heard 6 sees, after the flash is seen. How far is the spectator from the 

gun? 

7. Explain the action of the * toy telephone,' made of two cardboard 

boxes connected with string. 

8. Standing some distance from a quarry, I hear two sounds following 
the blow the workman gives to the rock. Explain this. 

9. Give experiments to show that sound is produced by motion. 
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CHAPTER II. 

WAVE MOTION— ELASTICITY. 

6. Harmonic Motion — Vibration — Amplitude. 

When a storie is thrown into a pond, waves proceed from 
the point where the stone falls, to the margin of the pond. 
Pieces of wood or leaves, that may be floating in the water, are 
not washed to the bank ; they simply move up and down ; if a 
patch of water be blackened with ink, the wave in moving over 
the patch does not force it onward. The wave moves forward ; 
the particles of water that form the wave, apparently move up 
and down. Waves cross a field of long grass ; the tips of the 
grass blades do not move onward ; thtform of the wave alone 
moves forward. In the absence of currents, a bather in the 
sea is not washed ashore by the waves. A bargeman, when 
he wishes his rope to clear an obstacle, sends a wave along it ; 
the rope itself does not move forward. 

Fill the long trough with water ; by mixing wax and iron filings 
pellets can be formed that will float at various depths. With a 
piece of wood start a wave fi'om one end ; the balls describe small 
circles or ellipses, but their average position does not change. 

Fasten a leaden bullet to a fine piece of cord suspended from a 
hook, so that the distance from the point of suspension to the 
cenfre of the bullet is thirty-nine inches. Set it swinging ; note the 
time it takes to move sixty times from side to side ; the time will 
be about one minute. A motion from side to side is called an 
Oscillation ; a TtioXion from one side to the other and back again 
is called a Vibration. The pendulum vibrates once every two 
seconds, and oscillates once per second. 

By giving the bullet the necessary impetlis, set it swinging at. 
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a regular speed in a horizontal circle ; count how many circles it 
completes in 20 seconds ; the number will be about 10. It 
completes i revohition, in the time it took to make a vibration 
y^ 1% in the first experiment. Place the eye 

jf/K y!\ SO that the circle appears a straight line, 
„/ !\ /! \ and observe the motion. 

The bullet increases its speed in the 
line from each end, until it reaches the 
middle ; then it slackens until it reaches 
the far end of the line, when it momen- 
tarily stands still, returns, again quicken- 
ing up to the middle. 

Let the circle in fig. 69 represent 
the plan of the path of a pendulum, the 
line A G the elevation of the path. A G is equal to the diameter 
of the circle. Suppose the time of one revolution to be one 
second. Divide the circumference into 12 equal parts. The 
pendulum moves over each part of the circumference in tV o^ 2. 
second. Therefore, to an observer who sees the elevation^ the 
pendulum moves over each of the spaces A L, L K, K J, etc., 
in yV o^ ^ second ; the speed increases towards the centre. 

When a body vibrates along a line, as the bullet appears to 
vibrate along A G, the motion is called harmonic motion. 

We can always find the position of a pendulum by drawing 
the circle, dividing it into equal parts, and obtaining the points 
L, K, J, etc., on a diameter. 

The distance A G {the diameter of the circle) is called the 
AMPLITUDE of the vibration. 

The time of moving from A to G and back again to A — 
that is, the time of a complete revolution of the circle — ^is called 
THE PERIOD of the vibratiou. 

In an ordinary pendulum, if we place the eye beneath it, 
so that its path appears a straight line, the motion appears 
harmonic. 

7. Waves — ^Wave Length. 

Suppose we have a number of particles, moving in parallel 
straight lines, A, B, C, etc., at equal distances apart, moving 
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with harmonic motion^ so that each succeeding particle begins to 
move ^ of a second behind the other. 

Draw the circle, divide it as before, draw the dotted lines 
parallel to the diameter 9 — 3. Suppose the particle to move in the 
circle in the same direction as the hands of a watch. Suppose the 
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Fig. 70. 

particle in A at a, i.e. at 4 in the circle. The particle in B is ^^ 
sec. behind ; it is therefore at 3, and will appear in B at ^ ; C is y^^ 
sec. behind, and will appear in C at Cy and so on for de/, . (fig 70). 

Join these points with a curve. This sinuous curve would 
appear to the eye as a wave. 

What will be the condition -^ second later ? a will have 
moved from 4 to 7 and will appear on A at tf' ; ^ will have 
moved to ^', and the dotted curve a' V d d! is formed; \}ci^form 
of the wave is moving from A to S. The wave indicated by 
_.._.._ is the position -j^ second later ; in f| second the 
particles will be in their original position, but the wave will have 
moved forward from E to Q or from A to M. 

The student should study carefully the drawing, after he 
has drawn it himself 

The top of a wave is called the crest, the hollow the 

TROUGH. 

The distance from crest to crest, or from hollow to hollow, 
is called a wave length. A wave length, is the distance 
from any particle^ to the next particle that is in a similar position 
in its pathy and is moving in the same direction. 

Take the particle r ; ^ is in the same position, but when c is 
moving downwards g moves upwards ; is the next particle in 



1 1 8 Sound 

the same position, and as c moves downwards o moves down- 
wards ; from ^ to o is a nave length. 

How long does it take the wave to travel from E to Q ? 
In \ period the crest is at H, 
„ 4 „ „ . K, 

,. J N, 

„ » „ ,. „ Q. 
The distance the wave travels in one period is one wave length. 
Particles may also move in circles or ellipses. Fig. 71 illus- 
trates this. Suppose a number of particles, o, i, a, 3, at rest, 
then imagine that o begins to move in a circle, its period (time 
of one revolution) being i second. Each particle moves -}^ 
second later than its predecessoi. 



A is the position at the end of Vj period, 
B „ „ « -h " 

C „ „ .. A " 

D „ etc. „ „ T5 ■' 

(o has described a semicircle). 
E is the position at the end of |4 period. 
In E, o and 1 2 are in the same position and are moving in 
the same direction ; therefore from E to 12 is a wave length. 
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If, after one revolution, the particles rest, then -^ period after o 
rests, F represents the position — the wave has moved half a 
wave length ; if each particle keeps moving, the waves are re- 
peated as in G. 

Cut a slit ^'' wide in hlack paper (fig. 72, B), place it over the 
line S in fig. 62, draw the hook heneath the slit, and the motion of a 
particle in harmonic motion will he seen. Blacken a piece of glass, 
rule a number of parallel lines i^' long and ^^ apart with a needle. 
Place this over the curve, and draw the curve beneath. 

The waveform will pass across the glass. 

Blacken a long strip of glass 18" long by \\" wide ; with a fine 
point draw a sinuous curve. On a square of glass 3^^ size draw a 
number of parallel lines \^' long, about \'' apart ; place the strip 
behind the square so that the lines are vertical ; hold both to the 
light, draw the strip across. A wave will be seen crossing the glass. 
Protect the blackened part with thin glass. Place the square in a 
magic lantern as an ordinary slide, the strip in front of the square ; 
focus the dots and draw the strip across the square : a wave will 
pass across the screen. 

In all these illustrations, it is seen that, in wave motion, the 
particles do not change their average position; the form of the 
wave alone moves forward. 

Draw another sinuous curve whose amplitude (vertical dis- 
tance from highest point to lowest point) is one half of the 
first. (Use the same construction, but make the diameter of 
the circle one half.) With this, and the square with ruled lines, 
produce a wave. The wave travels as quickly as before, but 
the crests and hollows are not so marked ; the amplitude then 
does not affect the speed, it affects the power of the wave. 

Examples. II. 

1. Give an example of harmonic motion. »■ 

2. Define the terms oscillation, vibration, amplitude, period. 

3. Give examples of wave motion. Explain crest and hollow. 

4. Define wave length. 

5. In what direction do the particles in a water wave move ? 

6. There are five crests between a boat and the shore, a distance of 
100 feet. Calculate the average wave length. 



8. Longitudinal Waves. 

The preceding explains water waves, the waves that pass 
along ropes, and, as we shall see later, the waves of light 
There is, however, another method by which waves can be 
transmitted. 

Hang a piece of india-rubber tubing 12 feet long from the ceil- 
ing ; near Uic lop make a distinct chalk mark; hold the end to 



stretch slightly the tube ; with the fingers of the other hand, rub it 
along its length. 

A wave passes up the tube, as is shown by the movement 
of the mark ; it is reflected at the top and moves back. 

Wrap iron wire round a piece of glass tubing, so that the coils 
touch ; on removing it a spiral is formed ; fasten one end to any 
point, hold the other in the hafld to slightly stretch it, with the 
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edge of a knife rub smartly against three or four coils in the 
direction of the length. 

The compression travels along the tube ; it can be easily 
observed by fastening pieces of straw with sealing-wax to parts 
of the wire 

In water waves the particles move across the line of direction ; 
in the waves in the tube and the spiral, the particles move back- 
wards and forwards in the line of direction. 

Cut a narrow slit s s, in black paper (fig. 72, B) ; place it along 
the dotted line of A. Draw A beneath the slit in the direction of 
the arrow ; the dot that is seen, vibrates backwards and forwards j 
its motion is harmonic^ as we see from the sinuous curve. 

A number of dots moving backwards and forwards, one 
moving a little after the other^ will produce a wave ; there will 
be a compression (the particles come together) succeeded by 
a rarefaction (when the particles move apart, relative to each 
other), like the compression and rarefaction that travelled along 
the coil. Place the slit along the dotted line in C (fig. 72); 
draw the book in the direction of the arrow. 

Each curve in C is similar to A. They are arranged so that 
each dot produced with the slit, moves a little later than the 
preceding dot. 

The wave will be seen travelling across the slit. 

Compare the parts of greatest compression -with crests of 
waves, the parts of rarefaction with troughs of waves (fig. 73). 




Fig. 73. 



The WAVE LENGTH is the distance from one compression 
to the next, or one rarefaction to the next, or from one particle 
to the next particle, in a similar position and moving in the 
same direction ; and, as before, the wave will move one wave 
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length, in the time it takes one particle to make a complete 
vibration. 

Examine and use this excellent diagram of Professor 
Weinhold carefully ; it will give a better idea of the wave of 
compression and rarefaction, than a page of words. 

9. Sound Waves. 

Sound waves are transmitted by the air particles vibrating 

in the line of direction. 

IVhen a gun is fired the sound travels ; there is, however, no 
tendency for the smoke to move in all directions in straight 
lines, as the sound does. 



This can be illustrated by fixing a funnel to one end of a 
long, wide india-rubber tube. Direct the other end towards a 
lighted candle, and blow a little smoke into this end. Fire a 
pistol across the mouth of the funnel ; the candle is extinguished 
by the sound wave, but the smoke is not forced through the 
tube. Such sound waves from firing shots in mines, it has 
been suggested, cause explosions, by forcing impure gas through 
the meshes of the Davy lamp. 

Sound travels in all directions, A skylark sin^ng is the 
centre of a sphere of sound waves, and every particle in the 
sphere is vibrating. 
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Tlie propagation of a sound wave is not the propagation of 
air particles, 

Fig. 74 gives a rough idea of the sound waves caused by a 
bell. 

At equal distances from the point of disturbance all the 
particles will be in similar positions, and these particles will form 
the surface of a sphere ; such a surface forms the front of the 
wave. If we consider a small portion of the surface of a large 
sphere, it will practically be a plane surface. So that the wave 
front is a plane surface, and the direction of the wave is at right 
angles to this surface. 

A tuning-fork vibrates 256 times in a second ; in i second the sound 
has travelled at ordinary temperatures 11 20 feet. If an observer be at 
this distance, there must be, between the ear and the fork, 256 condensa- 
tions and 256 rarefactions. 

A condensation and a rarefaction make up one undulation 
or wave length ; 

/. one wave length of a fork vibrating 256 times in i 

second = — . feet = 4*4 feet, nearly. 
250 

If the fork be placed on a rod of iron, the sound travels 
16,800 feet per second, 

.% wave length in iron = ^ — ^ feet = 65-6 feet 

The wave length has nothing to do with the distance moved 
over by the particles; it depends upon the period of their vibra- 
tion. 

10. Elasticity. 

Set a dozen solitaire balls in a groove ; move one and roll it 
against the eleven ; the end one starts off the row, while he inter- 
mediate balls are motionless. 

In the water waves, the particles moved upwards on account 
of the impulse given to the wave (the stone falling in the pond, 
etc.), and downwards on account of the action of gravity. How 
can we explain, that when a particle moves forwards it returns on 
its path and moves backwards? Why do the solitaire balls 
transmit the waves ? 
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Definition. — When a body^ after being amtpressed by a 
force^ recovers its original shape when the force is removed^ the 
body is said to be elastic. 

If a piece of putty be compressed, it requires a certain force 
to compress it, but on removing the pressure, the original shape 
is not regained. Putty is inelastic. 

Cover a flat stone with red powder ; touch it with a solitaire 
ball and notice the dot made. Allow the ball to fall from a 
height of three or four feet upon the stone, and examine the 
dot made ; it is larger than before : the ball has been flattened, 
but when the pressure was removed it regained its original shape. 

The glass ball is elastic. Allow a leaden ball to fall ; the 
flattening remains : lead is inelastic. 

If a tuning-fork be set vibrating, every time one prong 
advances it gives a push to the air; the particles are compressed, 
and by their elasticity resist compression ; they expand, com- 
pressing the next set of particles ; these in their turn compress 
the next set, so that a compression is propagated. When the 
prong moves back it causes a rarefaction ; this rarefaction is 
transmitted in the same way. The tuning-forks make a series 
of backward and forward movements, and thus a series of con- 
densations and rarefactions are produced, which constitute 
sound waves. 

The particles recover themselves on account of their elasticity. 

Suppose we have a body, whose volume is V, subjected to 
a pressure P per unit of area over its whole surface. Let the 
pressure be increased by a quantity/, and the volume con- 
sequently decreased by a quantity v. 

New volume = V— z/. New pressure = P+/. 

^ is the compression in volume per unit volume, due to 

the increase of pressure p. Therefore X-r-/ is the compression 

per unit volume due to unit increase of pressure. This is 
called the compressibility of the body. 

Definition. — ^The reciprocal of the compressibility, that is, 
the ratio of the force producing compression to the compression 

V 

per unit volume,/ -ry, is called the elasticity of a body. 
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II. In Gases Elasticity Equals the Pressure. 

A small increase in the pressure {p) causes a change in the 
volume {v). p and v are small compared with P and V. By 
Boyle's law (* Heat,' § 26), if the temperature be constant — 

(V-7/)(P+/)=VxP; 
.P+/_ V . 

:. by division, i + | « i + ^ +^ + ;^etc. 
V is very small^ .*. v'^ is very small, much smaller ;^ ; 
;. we can neglect :^^, :^, etc. without making any appreciable error. 

if V . i> V 

By definition P-r-^ » elasticity ; .•, ^ -f- ^ « P = elasticity. 

In gases that obey Boyle^s law the elasticity is equal to the 
pressure. 

Examples. III. 

1. Compare the direction of the motion of the particles in a water 
wave, and the wave in a wire spiral. 

2. Define wave length. Suppose the amplitude of vibration of the 
particles be doubled ; how will this affect the wave length ? 

3. Explain undulation, condensation, and rarefaction. 

4. Give iUustrations and experiments to show that when a sound wave 
Is transmitted, the air particles do not leave their average position. 

5. Explain elasticity ; give examples of elastic and inelastic substances. 

6. Explain how the condensation and rarefaction constituting a wave 
of sound are produced. How is a sound wave propagated through air ? 

7. What is meant by elasticity as applied to gases ? The barometer 
stands at 31 inches ; what is the elasticity of the air equal to ? What is a 
pressure, and how is it measured ? 

8. Take the speed of sound as 1 120 feet per second. Find the wave 
length, {a) if there be 280 vibrations per second, {b) if the period of the 
particles be -^ second. 

9. Sound waves are i *2 foot long ; the air particles make 1000 vibrations 
in a second. Find the speed of sound. 
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CHAPTER III. 

NEWTON'S FORMULA— LAPLACE S CORRECTION 

12. To Calculate the Speed of Sound in Air, 

Sir Isaac Newton, from calculations, concluded that the 
speed of sound in any substance could be obtained from the 
formula 



^=\/% 



z/ = speed, E= elasticity, as defined in the last section (that is, 
that there is neither gain nor loss of heat), D = density. 

Take the centimetre, the gram, and the second as units. 
In a perfect gas the elasticity equals the pressure. 

.*. formula for a gas becomes 2/= /v/ — . 

Let the temperature be 0° C. and the barometric height be 
76 cm. Then the pressure equals the weight of 76 cubic centi- 
metres of mercury per square centimetre, or 1033*3 grams per sq. 
cm. The accelerative force of gravity = 981 centimetres per 
second in every second. 

.'. elasticity = I033'3 x 981 = 1013667 = P. 

D = density, is the mass of one cubic centimetre of air. 

This equals '001293 gram. 

.'• ^ = A / — ^=28000 centimetres per second nearly. 

A/ '001293 ^ ^ 

Actual experiment makes the velocity 33,240 centimetres 
per second. 
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Such a difference between calculation and fact showed 
that some error had been committed in the calculatioa 

Newton in his calculation allowed for the fact, that when a 
gas is compressed, its elasticity is increased, because its density 
is increased. If we compress a gas very slowly, so that the 
heat is allowed to escape, the temperature does not rise, and 
this increase of elasticity, due to increase of density, is the only 
increase to allow for. But by the fire-syringe experiment, 
(* Heat,' § 29) it was seen that if the gas be compressed suddenly, 
heat is evolved, and this heat increases the elasticity — that is, an 
increased pressure must be applied to keep its volume con- 
stant. Similarly it was seen that if a gas be suddenly rarefied 
the gas is cooled, and this lowering of temperature lessens the 
elasticity. 

What takes place when sound travels in air ? Is the air 
heated ? The particles are suddenly compressed at the con- 
densed part of the wave, and are therefore heated. The 
particles are suddenly separated at the rarefied part of the 
wave, and are cooled as much as they were heated at the 
condensed part ; therefore the az/iJ/i^^if temperature remains the 
same- Has this any effect on the speed of the wave ? (See 
fig- 73)' The particles at ^^ are heated, their elasticity is 
increased; they therefore tend the more to separate, they 
separate the more rapidly, and thus the speed of the wave is 
increased. Condensation is succeeded by a rarefaction, and 
the rarefied part is cooled, therefore the condensed particles 
in firont are the more easily able to rebound, and again the 
speed of the wave is increased 

These changes take place so rapidly that there is not time 
for the heat to be lost by conduction or radiation, and there- 
fore the elasticity will be greater than the elasticity considered 
by Newton. 

Taking into account this difference, Laplace found that 
Newton's formula, if elasticity as defined in § 1 1 be retained, 
should be 

(See ' Heat,' § 43-) 
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With this correction 2^=33,247, a result that almost exactly 
agrees with the observed results. 

13. Consideration oy v= \/ v^i-^/\y ^'"^^n 

(i) Suppose the pressure change, — Let the barometer change 
from 30 to 31 inches. If D be density when the barometer is at 30, 

then D X 21 is the density when the barometer is at 31. The density 
30 

changes in the ratio 30 to 31. The elasticity also changes in the 

p 
ratio 30 to 31. Therefore the value of ^r does not change. 

That tSy change of pressure causes no change of speed; it affects 
E and D in the same ratio, 

(2) Suppose the temperature change^ say from \^ to 20^ If 
D be the density of a gas at 1 5^, 



by Charles' law the density at 20** is D x ^^-3 + '5 ^ j) 



X 



288 



273 + 20 293 

that is, the denominator in the formula becomes less ; £ does not 
change, /. v becomes greater. 

A rise or fall of temperature causes a rise or fall of the 
speed. 

For each rise of i® C, from o® C, add 2 feet to the speed of 
sound in air. 

(3) To compare the speed of sound in two gases under the same 
pressure. 

The densities of hydrogen and oxygen are as i to 16. 

speed of sound in H / P / P 

speed of soundliTO " V ^*4i D"^ V ^'^^^[6T> 

That is, the speed is four times greater in hydrogen than m 
oxygen. 

The speed of sound in two gases^ is inversely as the square roots 
of their densities. 
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Examples. IV. 

1. Sound is said to travel four times as fast in water as in air. How 
has this been proved? State your reasons for thinking whether sound 
travels faster or slower in oil than in water. 

2. Explain why the rise of temperature, due to compression, and the 
fall of temperature, due to rarefaction in a sound wave, both tend to in- 
crease the velocity of propagation of the wave. 

3. A tube, iocx> feet long, is filled with oxygen gas. Find how quickly 
the sound of a pistol-shot will travel from one end of the tulje to the other, 
it being given that the density of oxygen is 16 times as great as that of 
hydrogen, and that the velocity of sound in hydrogen is 4200 feet per 
second. 

4. Give Newton's formula for determining the speed of sound in a gas. 
How did Laplace correct this formula ? 

5. What is meant by a TJuave 0/ sound and by the length of a wave? 
Explain how sound is transmitted through air. 

6. State exactly what you mean by the '* density " of a substance, and 
explain what you understand by its ''elasticity**? Is the elasticity of water 
greater or less tlian that of air ? How would you prove to any one that 
your answer is correct ? 

7. What is the velocity of sound in air ? On what grounds can it be 
asserted that musical tones of high and low pitch travel at the same 
speed? 



K 
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CHAPTER IV. 

INTENSITY, REFLECTION, AND REFRACTION OP 

SOUND, 

15. Intensity of Sound. 

The farther the ear is from a sonorous body the feebler is the 
effect as regards sound upon the ear. 

Suppose a skylark high above the earth gives one sharp 
chirp. As the sound wave travels, it will pass over surface after 
surfkce of concentric spheres, whose centres are at the skylark. 

(a) Surface of sphere* of i foot radius = ^v 
{b) „ „ 2 feet „ = i67r 

Each surface receives the same amount of sound. 

amount of sound A 



/. {A) I square foot oia receives 



47r 47r 

/ r>\ r ^ r 7. • amouut of sound A 

{B) I square foot of /^ receives -==^ yj o yx n. 



(C) I square foot of ^ receives 



l6ir i67r 

amount of sound A 



36T 36n- 

A, B, C, are proportional to |, \y ^, that is -}>, ^a, ^ 

That iSf the intensity of sound is inversely as the square 
of the distance from the sonorous body. 

' The surface of a sphere = 4irr^. 

IT = circumference of a circle -{-diameter, 
f= radius of sphere. 
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When a water wave passes from the centre of a pond, its 
height decreases as it progresses. 

The intensity of sound depends upon the amplitude of the 
particle of the sound wave ; it increases or decreases as the 
square of the amplitude. 

The intensity also depends upon the density of the medium 
in which the sound originates (§ 2). 

Make the tuning-fork sound, then place the end upon the 
table or, better, on a thin board suspended by threads ; observe 
how the sound is increased. Sprinkle fine sand upon the thin 
board ; the sand moves, proving that the board is vibrating. 

The intensity depends upon the area of the sonorous body, 

A string stretched tightly over two nails in the wall, when 
vibrating produces scarcely any sound. Stretch the same 
string on supports, inserted in a box with a thin cover; the 
sound is increased ; it is the thin wood vibrating that increases 
the intensity. This is why musical instruments are provided 
with sounding-boards. In the violin the thin wood forming 
the belly, vibrates when the string is bowed ; the post com- 
municates the vibration to the back, which also vibrates. 

Wrap a watch, or a musical box, or an alarum clock in folds of 
flannel until no sound is heard; insert a piece 
of wood pointed at both ends, until one end 
touches the instrument ; still no sound is 
heard. Fasten to the end of the rod outside 
the flannel a square foot of thin wood ; the 
surface is now large enough to communicate 
the vibrations to the air, and the sound is 
distinctly heard. 




16. Reflection of Sound. 






A Sensitive Flame. — Bend a piece of 
glass tubing at right angles. Draw out one 
end^ cut off so as to leave a very small ori- 
fice. Connect the other end with the gas 
supply ; 'f above the orifice place a square 
piece of brass gauze 6'' side ; turn on the gas, 
ignite it above the gauze, and surround the flame with a wide piece 
of glass tubing about 6" long (fig. 75). Turn the gas tap until the 




Fig. 75. 
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flame just does not flare. The sound waves affect the gas below 
the gauze, and the flame flickers. 

Rattle keys, tap on the table, hiss, whistle ; the flame is at 
once affected. 

Arrange the tin tubes as in fig. 50. Remove the tin-plate re- 
flector. Place the sensitive flame in the position occupied by 
the differential thermometer; tap two pieces of metal together 
inside the other tube (in the position of the copper ball). Place a 
screen of several damp towels between the flame and the pieces 0/ 
metal 

Adjust the flame (use more damp towels if necessary) until 
it does not respond to the taps. 

Place the reflector in position ; the flame is at once affected. 
The sound wave has travelled down the tube, has been reflected 
from the tin plate and passed down the other tube. Remove 
the plate ; the flame steadies. Instead of the plate use a sheet 
of paper, the palm of the hand, a broad gas flame. Remove 
the damp towels and try dry towels, sheets of paper, and com- 
pare the absorbing powers of these bodies. 

In using this sensitive flame the taps made are more suitable 
than a whistle or pipe ; the flame is so sensitive that there is a 
little difliculty in reducing its sensitiveness. By attending to the 
instructions the experiments will succeed. 

Determine the position of the focus of the concave mirror 
(< Light,' § 19). Place the sensitive flame in position, tap at a 
distance of 20 or 30 feet, and arrange so that the flame just 
does not respond Place the mirror so that the flame is now 
at its focus ; at once it answers (at a distance of 30 feet the 
conjugate focus is practically at the focus). Sound is reflected 
iaccording to the laws of reflection of light and heat See these 
laws. 

Substitute a watch for the * taps ' and the ear for the sensi- 
tive flame, and experiment again if necessary. 

Refer to * Heat,' § 72, and perform analogous sound experi- 
ments. 



Intensity, Reflection, and Refraction of Sound 133 

17. Speaking-Tubes. 

Reduce the flame (or use a watch) until it is not affected by taps 
at a distance of 10 feet. 

Fit the tin tubes end to end, and place them between the 
flame and the source of sound. The flame responds. 

The sound waves are reflected from the inside of the tube 
and cannot spread ; there is thus scarcely any diminution in the 
intensity. 

Insert a funnel into the end of a long piece of india-rubber 
about y wide (the interior should be smooth). Place one end 
to the ear, and let an assistant sound a tuning-fork at the funnel 
end, or talk into the funnel end ; the sounds are inaudible 
without the use of the tube. 

This is the principle of speaking-tubes, speaking-trumpets, 
ear trumpets, and stethoscopes. 

Bend the tube ; it still conveys sound. When the tube is 
inserted into the ear and a person speaks into the funnel, an ear 
trumpet is formed. 

If the tube were of wood, long and wider, by speaking into 
the mouthpiece at the narrow end, the sound waves are pre- 
vented from spreading; they leave the open end, which is 
directed towards the person addressed (speaking-trumpet). 

18. Echoes. 

Reflection of sound is the cause of echoes. In all echoes 
there is a reflecting surface — the walls of buildings, the sides 
of mountains, the trees at the edge of a forest. 

The sound wave travels to the surface, is reflected, travels 
back to the ear. It is difficult to distinguish words that strike 
the ear at less intervals than -j^g^ of a second. To have a 
distinct echo the wave must travel ^\^ feet=iio feet; 
that is, the reflecting surface must be at least 55 feet away. 
Sometimes more than one echo is heard. 

Suppose a person at A g. ^ .^ 

(fig. 76). AB = no feet, AC I —♦ -\ 

— 220 feet ; B and C are re- ■ ' 

fleeting surfaces. A pistol is P'®- 76. 

fired at A. The wave travels to B and back to A. and reaches the 
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ear in f^^=^ second ; it then travels to C, is reflected, travels back 
to A, and is heard {^ second « ^ second later ; that is, {^ from 
the time of firing, ^ second from the beginning, it will have travelled 
again to B and back. 

But the sound wave also travels to C, is reflected, is heard at A 
as an echo, travels to B, is reflected, and again is heard as an echa 
The times from the beginning will be ^, ^, |§, i§, etc., second 

B series in ^, —, ^, f|, etc., second. 

C series in -*- -5l I® Hi 

When more than one echo is heard from a wood it is due 
to the wave striking parts of the surface at various distances 
from the part where the echo is heard. 

By using a long iron wire (200 yards at least), as in § 5, an 
echo can be heard reflected from the end of the wire. 
Attempts have been made to calculate the speed of sound in 
solids in this way. 

In the pneumatic tubes used in the Post Office, it, some- 
times happens that the carrier sticks at some point. This point 
is discovered in this way : — 

The end is covered with a thin sheet of india-rubber ; a pistol 
is fired ; the sound wave travels to the carrier, is reflected, and 
a flutter is seen in the membrane when it returns. 

Example. — ^The time between firing the pistol and observing 
the flutter is, say, 4 seconds. 

In 4 seconds, sound travels (1120x4) feet =4480 feet ; 
/. stoppage is 2240 feet from the end. 



Examples. V. 

1. Explain the meaning of intensity of sound ; how does the intensity 
vary with the distance from the sonorous body ? If the intensity at a distance 
of 100 feet be 90, what will it be at a distance of 150 feet ? 

2. State the conditions that affect the intensity of sound. What is a 
sounding-board ? Why is it used ? 

3. How could you illustrate the reflection of sound? Describe a 
speaking-trumpet. Explain the principle of a speaking-tube. 

4. What is an echo ? An echo from a building is heard 30 seconds 
later than the sound ; how far is the building distant ? 

5. A person is walking between two parallel walls which are near 
tc^ether, and hears a prolonged echo of each footstep ; explain how the 
echo is produced. 

6. Compare the intensities of sound at two places, one 1 100 feet, the 
other 1800 from the ori^n of iound. 
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19. Refraction of Sound. See * Light,' § 30. 

Obtain as large a toy balloon as possible, fill it with carbonic 
acid gas, and suspend it from the retort ring. Place the watch two 
or three feet away (by trial find the best position) from the ball, and 
the ear on the other side of the ball close to it. The ticking of 
the watch is sensibly increased. 

The sound waves that impinge upon the balloon are bent 
so that when they emerge they come to a focus close to the 
surface of the ball ; the ear thus receives many waves that 
would be lost if the ball were removed. 

Remove the balloon and verify this. 

By inserting the end of a glass funnel into the ear and using 
the wide end to collect the waves, the effect is increased. 
Change the positions of the ear and the watch. 

20. The Effect of Fog, Rain, and Wind on the 

Speed of Sound. 

The results under this heading are due to the researches 
of Professor Tyndall. From experiments performed near the 
North Foreland he has shown that fog, which was supposed to 
prevent sound travelling, has scarcely any appreciable effect ; 
the same is the case with snow and rain. The fog is accom- 
panied by a homogeneous condition of the atmosphere that 
favours the passage of sound. 

He found frequently on bright clear days that the atmo- 
sphere seemed to deaden sound. The report of cannon fired 
three miles away could not be heard. There seemed an 
* acoustic cloud ' between the cannon fired on a cliff and the 
observer, who was in a boat. The report was distinctly heard 
at the base of the cliff, by reflection from this invisible * acoustic 
cloud.' 

From researches, he concludes that these acoustic clouds 
are formed when the atmosphere is composed of layers of air 
at different densities. There is an analogy, between refraction 
of sound, due to this cause, and the mirage. (* Light,' § 35,) 
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Effect of Wind. 

It has been known for some time, that the speed of sound 
is increased or diminished, according as the wind is with or 
against the sound wave. 

This gives no explanation why at times, when the wind is 
against a sound wave, the sound appears to be destroyed. The 
difficulty has been explained by Professor Stokes. 
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Fig. 77. 

Let A B represent the front of a sound wave, the sound 
being produced by a sonorous body C. Let the wind oppose 
the sound wave ; the speed will be less at B than at A, because 
the speed of the wind is retarded, near the surface, by the fric- 
tion of the air against the earth; therefore, after a given time, A 
will be more retarded than B, and be in the position A'B'- 
The direction of a wave is at right angles to its front ; the 
direction is changed to d' and afterwards to ^' ; that is, the 
sound wave is lifted over the head of a person at S (fig. 77). 

If this be a good explanation, the spectator, by ascending a 
tower to S', should then hear the sound ; this is found to be 
the case and confirms the explanation. 

Draw the figure, when the wind is in the direction of the 
sound wave, and show that sound waves are brought towards 
the earth, if the wind be in the direction of the sound. 
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Examples. VI. 

1. On a clear day I can see the flash from a gun, but can barely hear 
the report. A fog spreads over ; the reports can now be heard distinctly. 
Explain this. 

2. What effect has wind upon a sound wave ? The wind blows from 
a spectator towards a church ; he is unable to hear the bells at the foot of 
a hill, but can hear them at the top. Why ? 

3. What is an echo ? What is essential for the production of a single, 
and what of a multiple echo ? 

4. Describe some mode of proving that sound can be refracted like 
light. 

5. How could you prove by experiment or observations, that, when 
sound is produced and heard at a distance, the air has not actually travelled 
to the point where the sound is heard ? 

6. How is it that sound is transmitted for long distances by speaking- 
tubes? 

7. How would you show by experiment that when a bell rings, it is in 
motion ? 

8. Explain any method by means of which the ticking of a watch may 
be made audible to a person at the other end of a large room. 

9. How do you account for the fact that the distance at which a loud 
sound (such as the discharge of a cannon) can be heard varies considerably 
from day to day ? 

10. Waves of sound, the frequency of which is 256 vibrations per 
s^ond, pass from a stratum of cold air to a layer of hot air. In the cold 
air the velocity is 11 20, and in the hot air 1132 feet per second. Find 
the wave length in each case. 
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CHAPTER V. 

MUSICAL SOUNDS^PITCH—INTENSITY-QUALITY, 

21. Pitch. 

The experiments in the previous chapters have dealt with 
sounds, no particular notice being taken of the sounds called 
musical ; the noise made by beating two stones together would 
have served all purposes ; the sound of a cannon firing has been 
frequently used. 

Certain sounds are pleasant to the ear ; such sounds are 
called musical sounds. 

Take the toothed wheel and fix it to the whirling table, or use 
the humming top (Appendix). Turn very slowly and hold a card 
against the teeth. At first we hear a number of taps ; as the spef d 
increases a musical note is heard. This note continues as long as 
the wheel moves steadily ; as the speed changes the note changes. 
Turn the wheel very rapidly ; the sound becomes painful, and at 
length we are unable to detect it by the ear. 

A musical note is caused by regular vibrations, when the 
vibrations are not too few (not less than 40 to the second), nor 
too many (20,000 to the second). 

In place of the toothed wheel use the siren. 

Turn and blow through a piece of bent tubing whose end is 
pointed over one set of holes. When the motion is very slow a 
series of puffs is heard. As the speed increases, a note is sounded ; 
it increases in pitch, and at length the ear is unable to notice it. 

As in last experiment, a number of regular vibrations pro- 
duces a note. 

Stretch a string slightly between two points and pluck it ; the 
string vibrates : no sound is heard. Tighten it and a note is produced. 
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Judging from the result with Savart's wheels and the siren, 
the string, seeing that it gives a note, should be vibrating 
regularly. This will be proved presently. 

Fix a knitting-needle in a vice, make it vibrate, change the 
length until a sound is heard ; the pitch does not change as it 
vibrates. Does the needle vibrate a definite number of times in 
a second ? This is best shown with a long strip of steel (use a 
steel straight-edge), that vibrates slower than the short needle. 

c 




Fig. 78. 

Fasten a stiff bristle to the end of the straight-edge. Smoke a 
long piece of glass. Arrange that the bristle touches the glass. 
Make the rod vibrate ; it traces a line across the glass as it vibrates. 
Move the glass quickly. 

A curve is traced ; it resembles the sinuous curve in § 7, and 
the conclusion is that the rod vibrates with harmonic motion. 
If the glass could be drawn along with uniform speed, there 
would be the same ninnber of waves in equal distances. 

Twist a pin round the stretched cord (wire) ; fasten it with 
sealing-wax, so that the pin points horizontally ; pluck the wire 
vertically. Draw the smoked glass rapidly past the point. 

Examine the curve. Tighten the wire, and try again. The 
number of vibrations increases as the pitch rises. 

A musical note is produced by a body vibrating a definite 
number of times fer second. 

The number of vibrations always determines the pitch of 

the note. 

If sound travel, say, 1120 feet per second, and there be, say, 
560 vibrations per second, the wave length for a note of that 
pitch will be 2 feet (11 20 feet -r 560). Evidently the greater the 
number of vibrations the shorter will be the wave length, that is, 

The wave length varies inversely as the frequency of the 
vibrations. 

Define vibration, oscillation, wave length, period, and amplitude. 
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22. Musical Scale. 

the diatonic scale. 

Work the siren steadily ; apply the pipe to the inside circle ; 
move it to the next circle. 

Calling the first note Doh, we recognise the second as the 
Me of the musical scale : apply it to the third ; the pitch rises and 
the Soh is sounded ; with the outside row the Doh', or octave, 
is heard. 

Count the holes ; they were made in the proportion 4, 5, 6, 8. 

Turn the wheel at a different rate, and repeat this experi- 
ment ; the same sounds are heard relative to the first. 

If 400 vibrations give a certain note, 

500 „ „ the third above this note, 

600 „ „ „ fifth „ „ „ 

800 „ „ „ octave „ „ „ 

The musical scale consists of seven sounds ; the note of 
lowest pitch is called the fundamental note. As in the above 
experiments, the relation is found between their vibration 
numbers. The relation is. * 
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The absolute value of C is immaterial ; it can be decided 
arbitrarily. 

Seven notes, whose vibration numbers are in the above pro- 
portion, form a natural diatonic scale. The eighth note is called 
the octave to the fundamental note. The notes are named 
similarly above QJ and below C. 

Intervals. — The interval between any two notes is expressed 
by the ratio of the vibration numbers. 

The interval between C and D is f-=-i = \ 

D and G is f^f = |. 
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The intervals between each note and its predecessor by 
calculation are 

zst 2nd 3rd 4th 5th 6th 7th 8th 

tip 16 9 10 9 16 

The intervals | and V ^e called major and minor tones. 
The interval \% is called a semi-tone. 

The interval from C to D, D to E, etc, is called a second. 
„ „ C to E, D to F „ third. 

„ „ C to G, A to E „ fifth. 

Between all consecutive notes, save the 3rd and 4th, 7th 
and 8th, another note is inserted. This note is named from 
the note below and is called C sharps D sharps etc (written C^ 
DJ), or firom the note above, and is called B flat, A flat^ 
(written B^, At>). 

Examples. VII. 

1. Explain the meaning of the terms musical interval, tone, and semi- 
tone. 

2. The vibration number of a certain note is 96 ; find the vibration 
numbers of its third, fifth, and octave. 

3. What are the special features of the natural diatonic scale ? 

4. The vibration number of a given note is 264 ; find the vibration 
numbers of the notes, that would form with it a diatonic scale. 

5. If the vibration number of a note be 80, find the vibration number 
of the fifth above it 

23. Pitch — Intensity— Quality or Timbre. 

The siren, in a more expensive form, is arranged, so that the 
number of vibrations communicated to the air, can be exactly 
counted In the whirling table used the diameter of the large 
wheel is 9"; of the small one i". One turn of the large wheel 
causes 9 turns of the small wheel. In the inside row there are 
48 holes. Then if the large wheel turn once per second the 
number of vibrations = 48 x 9 = 432. 

When the number per second is counted it is found that 
notes are produced by vibrations of from 40 to 20,000 per 
second. 

Some persons aie able to detect a musical sound at 16 per 
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second, and others can detect notes produced by 38,000 vibra- 
tions per second. 

Attach a bristle to a tuning-fork, make it vibrate and draw 
a smoked glass rapidly beneath it. Compare the curve with 
those in § 7. As the note dies away the amplitude decreases. 

The INTENSITY depends upon the square of the amplitude, 

A note of the same pitch has a different effect when pro- 
duced by an organ, a fork, a string. Sounds have a certain 
QUALITY, depending upon the instrument producing them. 

In any given medium the pitch is proportional to the 
number of vibrations, i.e. to the wave length. 

The INTENSITY is proportional to the square of the ampli- 
tude of the vibrating particles. 

The QUALITY depends upon the particular instrument used. 

24. To Find the Vibration Number of a Vibrating 
Body by the Sound it Produces. 

To find the number of vibrations made by a whistle. 

Assume that we can regulate the siren, so as to determine 
its speed. 

Sound the whistle ; turn the siren, until a note of the same pitch is 
heard ; then from the number of holes and the number of turns calculate 
the number of vibrations in the siren ; this equals the number made by 
the whistle. 

Example. 

The siren sounds the note made by a whistle when it makes 10 turms 
per second. There are 48 holes in the siren ; 

/. vibration number of siren = 480, 
/, vibration number of whistle = 480. 

Tuning-forks are made to give a note of a definite pitch, and 
the vibration number is generally stamped upon the fork. The 



vibration number varies ; thus the C 



i 



is frequently 



taken as 256 ; this is a convenient number. This C has been 
below 250, and is sometimes as high as 270 ; the number 264 is 
in common use. 
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Provided the C is settled, the vibration number of any other 
note is easily calculated. 

Forks can be used for determining the vibration number. 

Example. 

A whistle sounding with a fork whose vibration number is 512, gives 
the third above the fork (i.e. if the fork sound the Doh, the whistle sounds 
the Me) ; find the vibration number of the whistle. 

The vibration numbers of Doh, Me, are as 24 : 30 or i : f , 

.-. 24 : 30 :: 512 : «. 
Vibration number of whistle = 640. 

Examples. VIII. 

1. What are the physical differences (i) between a loud and a gentle 
sound, (2) between a shrill and a deep sound ? 

2. A bell when struck emits a note of a certain pitch. Is the wave 
length in air corresponding to this note the same on a warm day as on a 
cold day? Give full reasons for your answer. 

3. Taking 1120 feet per second as the velocity of sound in air, find the 
number of vibrations which a middle C tuning-fork (which vibrates 264 
times per second), must make before its sound is audible at a distance of 
154 feet. 

4. What are the three characteristics of musical sounds ? How is the 
movement of the air particles affected by (a) change of pitch, {b) change of 
intensity ? 

5. A tuning-fork is set in vibration and you hear its note. The sound 
is conveyed to your ear by the motion of the air particles in the room. 
Explain how, and in what direction, the particles move', and state how 
their motion would be modified if the fork were made to give a louder 
sound. 

6. Describe a method of determining the number of vibrations required 
to produce a note of given pitch. 

7. When a siren makes 360 revolutions a minute, it produces the same 
note as an organ pipe. There are 20 holes on the wheel. Find the 
vibration number of the pipe. 

8. A wheel with 33 teeth touches a card as it spins, and thereby emits 
a note two octaves above the middle C, which has 256 vibrations per 
second : how many revolutions is the wheel making per minute ? 

9. A circular disc pierced with a concentric ring of equidistant holes 
rotates about an axle which passes through its centre. A stream of air 
from a small jet is blown against the ring of holes. On what does the 
intensity and pitch of the note produced depend "t 
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CHAPTER VI. 

VIBRATIONS OF STRINGS AND RODS. 

25. Transverse Vibrations of Strings. 

Fasten one end of an india-rubber tube, 12 feet long, filled 
with sand, to the ceiling. The sand makes the movements slower. 

Hold the other end in the hand ; stretch 
slightly and give a jerk to the right, and 
bring the hand back to its first position : 
a crest travels along the tube (fig. 79). 
The two figures give the positions at two 
different times. 



stationary pulses. 

By timing the hand properly, the 
hillock can be made to take up the 
whole length of the tube. 

At the end the hillock is reflected. 
By giving a series of similar jerks this 
motion will be repeated, and the string 
as a whole swings from side to side. 
^ It forms a stationary pulse. Compare 
this with the crest of a wave moving 
Fig. 79- olong the tube^ as in fig. 79. 



A 

(0) 



(13) 



Give two jerks in the same time as one was given in the last 
experiment. The hillock takes the position a^ then b (fig. 80, A, B). 
At the fixed end it is reflected as ^, and would return to the hand 
as dc ; just when the reflection takes place at ^, give another jerk. 
Then e appears, and reaches n just as c reaches n. e would move 
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n to the right, c would move it to the left ; both forces being equal, 
n remains fixed, e is reflected as d from the fixed point « ; ^ is re- 



n 



\e 



Fig. 80. 

fleeted as / from the fixed point «. If the jerks continue the tube 
vibrates as in D — that is, two stationary pulses are produced. 

By increasing the rates at which the jerks are given, the tube 
can be broken up into 3, 4, 5, or any number of stationary 
pulses. 

Having discovered, by experiment, the rate at which the 
jerks must be given, to cause the string to vibrate as a whole, 
make the jerks as small as possible ; at first the amplitude is so 
small, that the movement of the tube can scarcely be recognised. 
Continue the jerks ; the amplitude gradually increases. 

By a series of very small jerks with thehand^ a marked move- 
ment is produced in the string. 

Several instances can be cited, of small impulses given regu- 
larly producing such results. Suspend a weight by a string ; 
give it a very slight push, and repeat this push as it swings 
back to the hand ; the amplitude increases. A large ship, 
when subjected to a regular series of small waves, begins to 
rock in a way that ultimately may become dangerous. A water- 
carrier sets the water in his pails in motion by the swing of 
his body : the motion at first is only slight ; each swing 
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of the body increases the motion, and the water would soon over- 
flow if he did not alter his step. 

In fig. 80, n is not really at rest ; if it be clamped so as to be 
rigid, no motion would appear at c or/ n makes a number of 
very small movements ; these set the part cf vibrating. That is, 
^/vibrates as if a hand were at n. 

Stretch the tube horizontally between two points A, 6; pluck it 
in the middle : it vibrates as a whole (fig. 81). 



I -i.^_ 

\0 — 



B 



Fig. 8x. 



Consider a portion of the tube e ; its transverse motion is 
harmonic 

Test this by attaching a stile to e, and drawing a piece of smoked 
glass rapidly beneath it as it vibrates as on p. 139. The curve 
of § 7 is produced. 

The period is evidently the time m moving from e to d, from 
//to/ and back from /to e. 

From A to B is only half a wave length. 

UTien a string vibrates as a whoUy its length is one-half of the 
wave length, 

A point of apparent rest n (fig. 80) is called a nodk 

The vibrating part (h.ad^) is called a ventral sfgment. 



Fig. 82. 

Touch the tube with the finger at its centre C ; pluck CB in 
the middle (fig. 82) ; the tube breaks up into two ventral segments. 

A C vibrates because C is not absolutely at rest \ it makes a 
number of small movements (jerks) ; these are of the time to 
make A C vibrate. 
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Touch the tube at one-third of its length from B, 
between D and B (6g. 83). 



D B vibrates as a ventral segment D is a node and A D 
breaks into two ventral segments. The movement of D (node) 
is timed so as to set ED vibrating ; E moves so as to set A E 
vibrating. 

In fig. 83 A B forms a complete wave ; in fig. 83 A D or 
E B forms a complete wave. 

26. Laws of the Transverse Vibrations of Strings. 

Stretch a wire on the sonometer ; pluck it in the middle : it 
vibrates as one ventral segment. A note is produced (increase 
the weight if necessary). 

The note sounded by a stretched string or wire, vibrating 
as a whole, is called the fundamental note, for that length of 



Touch the wire in the middle, and pluck it at i of its length from 
one end. It vibrates as two ventral segments, and the octave to 
the fundamental is heard. 

The vibration number of the octave is twice that of the 
fundamental This agrees with the experiment with the tube 
(§ 25). By doubling the number of jerks, we divided the tube 
into two ventral segments. 



Sound 


Vibration No. 


fundamental 


I 


octave 


2 


twelfth 


3 
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Damp the wire at ^ its distance from one end ; bow it with 
a violin bow \ from same end : 3 ventral segments are produced ; 
the 5th above the last octave — ^thatis, the 12th above the funda- 
mental note — is heard. 

Length 
I 

First Law. — The number of vibrations per Kcond is in- 
versely as the length of the string. 

To Verify this Law. 

What should be the lengths of two strings to produce the sounds Doh 
and Soh respectively — that is, the second note, is to be the 5th above the first ? 

The vibration numbers are as 24 : 36, 
.*, lengths should be as 3 : 2. 

Stretch two similar wjres, so that they sound the same note. 
Place the movable bridges so that the distance from pulley to 
bridge in the two wires is as 3 : 2. Bow these parts ; the Doh 
and Soh are heard. 

The position of nodes and loops (the widest part of the 
ventral segment) is easily shown by placing small paper riders 
(/^) astride the string or wire at various parts. The riders 
remain on the nodes and are jerked off the loops. 

MONOCHORD. 

If the law hold good, by using one wire of definite length, 

and dividing the length successively in the ratios 

T 8 4 3 3 3 8 1 

*J ¥> T> T> ^» 15i T5"> 2> 

the notes of the diatonic scale should be produced. 

By using the distance i, the fundamental should be heard. 
„ „ f the 2nd above the fundamental 

should be heard 
i the fifth 



1 

etc. Try this. 



^ the octave 
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A string so divided and mounted on a box is called a 

MONOCHORD. 

Law OF Stretching Weight. 

Keep the lengths the same ; vary the stretching weight. 
Hang a weight of 16 lbs. to each of two similar wires ; increase 
the weight on one wire until the third is heard, the fifth, 
and the octave (or any other note of the scale). Note the 
weights. 



Stretching weight 


Sound 


Vibration No. 


i6 

25 

36 
64 


Doh 

Me 

Soh 

Doh' 


1 4 
^or5 

2 8 



The square root of each number in column i gives the last 
number in column 3. 

Second Law. — TTie vibration number {other things being 
equal) is directly proportional to the square root of the stretching 
force. 

Example. 

A string stretched by a weight of 4 lbs. sounds a certain note (Doh) ; 
what weight will be needed to sound the Fah (4th) of the scale ? 

Vibration No. of the Doh ^4 

„ „ „ Fah Vw 



3 



.-. W = 7jlbs. 



Test this. 



The Third Law refers to the diameters of strings. 
It is not easy to measure the diameters directly. 

A string is a long cylinder : if r be the radius, / the length, d the 
density ; 

The volume « ict^L The mass = vt^ld. 
To compare the diameter of two strings, take equal lengths and obtain 
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the masses by weighing. Let M be the mass of the first, M, of the second, 
r and r, the radii. 

That is, the radii are proportional to the square roots of the masses. 



By this method obtain the relative radii, and therefore the 
relative diameters of two strings. Suppose these relations to be 
6:4; use the same stretching weight, the same length ; the 
thicker string gives the note of lower pitch ; by shortening the 
thicker string bring the two notes into unison ; compare the 
lengths. Thick string = 4 units. Thin string = 6 units ; that 
is, the diameters or radii are inversely as the lengths of the 
strings. The number of vibrations are equal. 

If the thick string be now lengthened to 6 units ; by the first 
law, it will give f the number of vibrations it gives when the 
length is 4, that is, f time the number of vibrations of the thin 
string under like conditions ; or when the diameters are as 4 : 6 
the vibration numbers are as 6 : 4. 

Third Law. — The number of vibrations per second is in- 
versely as the diameters of the string. 

The Fourth Law refers to the density of the strings. 

If a catgut string and a copper wire (length, diameter, and 
stretching force the same in both cases) be used on the sono- 
meter, the copper wire gives the lower note. This is why the 
fourth string of a violin, and the lower wires of a piano, are 
wrapped round with wire. The density is increased. 

Fourth Law. — The vibration numbers are inversely pro- 
portional to the square roots of the densities. 

27. Formula for the Transverse Vibrations of 

Strings. 

[The laws for the transverse vibrations of strings can be expressed 
in one formula. If / » length of string, r - radius, P = mass of 
stretching weight (P^ - stretching force), d=^ density, n « vibra- 
tion number, 

^■- Wl\' ^d 
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I / IV 

This can be wntten — kI -^fo- 

m^d « mass of unit length 
Vg - stretching force or tension (T). 

The vibration number varies inversely as the length ; inversely 
as the square root of mass Of unit length ; directly as the square 
root of the tension. 



— 


Stretch- 
ing 
{orcts 


Densi- 
ties 


Lengths 


Sadii 
or dia- 
meters 


• 

The vibration numbers vary 


If in 2 strings 
>» »» 


X 
X 

X 

O 


X 
X 

O 

X 


O 

X 
X 
X 


X 

O 
X 
X 


Inversely as the lengths 
Inversely as the radii 
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Directly as the square 

roots of the stretching 

forces 



For X read * are equal ; ' for o read * vary. ' 



Examples. IX. 

1. Explain the terms node, ventral segment, wave length, amplitude, 
period. 

2. A stretched string lo feet long is, in unison with a tuning-fork, 
marked 256 ; the string is shortened 4 feet : how often will it now vibrate 
in a second ? 

3. Describe experiments which illustrate the laws of transverse vibra- 
tions of stretched strings. 

4. A string is fastened at one end to a peg in a horizontal board, and the 
other end passes over a pulley and carries sixteen pounds. The string gives 
the note C. What weight must be hung instead of the sixteen pounds, so 
that the string gives the next lowest octave ? 

5. Two equally stretched strings of the same thickness, one of steel and 
the other of catgut, give the same note when struck. Which of them is 
the longer ? Give reasons for your answer. 

6. Four strings of the same length and material, but of different thick, 
nesses, are stretched on a violin, and tuned so as to give successive fifths. 
If the tension be the same, compare the thickness of the strings. 
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7. In the last question, what must be the tension on the several strings, 
that they may all give the same note ? 

8. Explain what law must hold between the length and area of the 
section of strings, in order that, under the same tension, they may vibrate 
at the same rate. Describe an experiment which illustrates this law. 

9. Describe how you would employ the monochord, to show the 
relation between the tension of a string, and the pitch of the note given 
by it. 

10. Explain how to construct an instrument with strings of the same 
material and thickness, so that, under the same tension, the successive 
strings may give the consecutive notes of the major scale. 

11. Given two strings of the same thickness, one of steel and the other of 
catgut. One end of each is fastened to a peg in a horizontal board, and 
the other end passes over a pulley and is stretched by a weight. The 
distance between the peg and the pulley is the same for both, and the 
stretching weights are equal. Which string gives the higher note, and 
why ? If you wished, by altering the weights, to make both notes of the 
same pitch, how would you do it ? 



28. Harmonics — Quality or Timbre. 

Pluck a long stretched wire (10 or 12 feet) near one end ; as it 
vibrates touch it in the middle lightly ; it is now unable to vibrate 
as a whole. 

On placing the ear near the wire the octave is heard ; the 
wire is vibrating in halves (fig. 85, A). Experienced ears can 
detect the octave while the fundamental note is sounding. 





The wire may be represented swinging, as in fig. 85, A ; 
on damping in Cy the segments ac^cb alone vibrate. 

The wire may also divide into three portions, a note having 
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three times the number of vibrations of the fundamental being 
produced at the same time as the fundamental (fig. 85, B). 
These other sounds produced are caUed harmonics or 

OVERTONES. 

In strings their vibration numbers, compared with the 
fundamental as i, are as 2, 3, 4, 5, 6, etc. ; i.e. octave, 12th, 
double octave, etc. 

In fig. 77, the amplitude is greatly exaggerated. 

The vibrations of the segments, are taking place at the same 
time as the string vibrates as a whole. 

77u overtones^ combined with the fundamental^ give the 
QUALITY of the note J or the timbre. 

If we wish to produce the 12th say, we must avoid plucking 
at any point (see fig. 85, B) where a node of the 12th would 
come ; the best place will be a ventral segment, that is \ firom 
one end, or in the middle. 

Piano-strings are struck by the hammer, between \ and ^ 
from one end, thus avoiding any point that would interfere 
with the production of the first set of overtones. 

The piercing quality of sounds is generally due to the 
presence of high harmonics. 

Examples. X. 

1. What are harmonics, or overtones ? how can you show their presence 
by usmg a stretched wire ? 

2. Explain ' quality ' as applied to musical sounds. 

3. What is the reason that the hammers which strike the strings of a 
piano-forte are made not to strike the middle of the strings ? Why are the 
bass strings loaded with coils of wire ? 

4. Explain how the pitch of a note given by a string vibrating trans- 
versely depends upon its length, size, and tension. State the effect which 
is produced, by touching, for an instant, a point of a vibrating string. How 
ought this to influence a violin player, as to the position where he should 
bow the string ? 

5. How would you prove experimentally, that the tone of a stretched 
string vibrating transversely, is compound in its nature ? If you wish to 
express the second harmonic, the twelfth above the fundamental, where 
would you pluck or strike the string? 

6. In what respects is it possible for two musical notes to differ from 
each other, and on what physical causes do the differences depend ? 
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aq. Transverse Vibration of Rods. 



Clamp a knitting-needle in a vice and pluck its point ; it vibrates; 
if the vibrations be rapid enough a tone will be produced (fig. 86). 
Shorten it and produce a sound. 

By using the style and smoked glass examine the motion. 

The length of the rod is J of a wave length. Shorten the 
rod ; the pitch rises. 
p' ^ The vibration num- 

ber is inversely as the 
square of the length. 
If the lengths be as 
r, h h h etc, the 
vibration numbers 
will be as i, 4, 9, ^, 
etc 

Musical boxes are 
composed of rods, 
fixed at one end ; the 
stnall projections in 
the barrel set the 
tongues vibrating. 

If the rod divide 
into segments, while 
producing the fun- 
damental, so that 
the first harmonic or 
overtone is also pro- 
Fic. %. duced, the tip must 

always be a loop and 

the fixed end a node. The first possible division is as in figure B. 

The vibration number of the first overtone thus produced, is 



to that of the fundamental as 5' is to a*. The rates of the 
overtones from the first, are as the squares of 3, 5, 7, etc 
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If a rod be free at both ends, its fundamental note is 
produced by clamping it at a point between ^ and ^ of its length 
from the end. 

Support a strip of glass on two rests, 
each I of the length of the strip from 
each end ; tap it with a penholder ; its 
fundamental note is heard (fig. 87). 

Several such glasses, properly cut, 
form the glass harmonicon (fig, 88). 

30. TiraiNG-FORK. 
When a rod, Iree at both ends, is 
bent, the nodes approach each other. 
This is the case in the tuning-fork, 
where the nodes are near the root ^^°- ^^■ 

The fork vibrates as in fig, 89, and thus the handle is moved 
up and down and communicates its motion to a sounding- 
board. 

' Clamp the tuning-fork, so that the prongs are 
horizontid ; sprinkle sand upon it, bow it, and find 
the position of the nodal lines. 

The tuning-fork is remarkably free from har- 
monics that affect the quality of its sound. 
Examples. XI. 

1. A knitting. needle, 6 inches long, vibrates 30 titties in 1 
second ; it is divided into two equal parts. How often will 
each pait vibrate per second? 

2. The fundamental note of a rod fixed at one end is C ; 
what is the first harmonic P How are their vibration numbers 
related i 

3. Describe the tucdng-fork. How would yoa show the 
presence of nodes ? Fic. 89. 

4. Sute the laws of the iKuisvcrse vibrations of rods fixed 

at one end. What relation holds between the number of vibrations for 
the successive overtones in such rods? 

5. A steel wire, one jard long and stretched by a weight of 5 lbs., 
vibrates loo times per second when plucked. If I wish to make two yards 
of the same wire vibrate twice as fast, with what weight must I stretch it ? 

6. Describe and explain an experiment iUustrating the use of sound- 
boards in malinE the vibrations of a vrire audible. 
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CHAPTER VIL 

VIBRATION OF AIR IN TUBES— LONGITUDINAL 

VIBRATION OF RODS. 

31. Open and Stopped Pipes. 

In previous experiments sound has been produced by solid 
bodies. Gases are capable of being thrown into vibration and 
producing sounds when they are confined in tubes. 

The music of Pan's pipes, the note produced by blowing 
across a key, are examples of such sounds. The straw and the 
key take no part in the vibration, as the sound does not depend 
upon the material of which the tube is composed, and the sound 
is not changed or prevented by touching the tube at any point. 

Make 4 cardboard tubes i^' diameter, 16", 12'^, 10'', and 8'' 
long. Cover one end by gluing on circles of cardboard. Resting 
the closed ends on the table, allow them to fall one after the other ; 
the four notes Dob, Me, Soh, Doh', due to the air in the tubes 
vibrating, will be distinguished. 

The vibration numbers of these sounds are as 4 : 5 : 6 : 8 ; 
the lengths of the pipes are as 8 ; 6 : 5 : 4. 

Take a glass tube ; close one end with the finger (a stopped 
pipe) and blow across the other end ; remove the finger (open pipe), 
again blow ; the octave is heard. Repeat this with tubes of various 
lengths. 

The sound produced by the air in a stopped tube is an oc- 
tave lower than the sound produced by the air in an open tube. 

32. How THE Air Vibrates in Pipes. 

The distinction between a progressive sound wave and a 
stationary wave must be clearly understood. In a progressive 
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wave each successive particle moves from its position of rest 
a little later than the preceding one (§ 7). In each half of 
a stationary wave (a pulse), every particle begins to move at the 
same time. 
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Fig. 90. 

Imagine AB (fig. 90), a stationary pulse caused by particles 
vibrating transversely (across the direction of the wave). Divide 
the distance AB into 12 or any number of parts ; draw transverse 
lines ; each particle D, E, F, etc., moves with harmonic motion, 
but all begin moving at the same time and mojfe always in the 
same direction. The amplitude is o at the nodes, and is greatest 
at the ventral segment. 
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In sound waves the particles move with harmonic motion, 
but the particles move in the line of direction of the wave, 
and again the amplitude is less as the particles are near the 
nodes. 
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33. Longitudinal Vibrations of Air Particles — 
Stationary Sound Waves. 

Imagine, then, that each line, D, E, F, etc., be twisted in the 
direction of the hands of a watch, on D, E, F, etc, as centres, so 
as to he along A B, and tliat the particles vibrate as before along 
cC(', AH k', vibrating longitudinally instead of transversely. 

The position of the particles at each quarter -period is shown, 
in the four lower diagrams of Hg. 90 ; all the particles in a 
half wave-length, move in the same direction at the same time 
and for the same time, their amplitudes increasing from the 
nodes. It is seen that A and B (nodes) do not move, also that 
the greatest rarefaction and the greatest compression take place 
at A and B. The least rarefaction and least compression are 
at the ventral segment 

The stationary sound wave may also be studied by the aid 
of fig. 91. 



Place a slit (fig. 72) on the dotted line of fig. 91, and draw 
the book beneath ttie slit in the direction of the arrow. The 
dots seen form the half of a stationary wave. 

The central line (straight) represents a node, the outside 
curves the ventral segments. The curves inform us that the 
mplitude is smallest at the nodes. 
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Suppose you have a stopped tube giving its fundamental 
note; then the mouth must be a ventral segment, and the bottom 
a node. The tube is shown in outline, fig. 90. The bottom is 
represented by A, the mouth by C, and the depth of the tube 
is \ the wave length (A B is one half wave-length). 

The motion of the particles can be studied by examining 
the position of the dots from d to ^ at each quarter-period ; 
compare their positions with the quarter-periods, when the 
vibration is transversal. 

It is in this manner that the air particles move in a stopped 
tube, when the fundamental note is sounding. The particles 
would of course be infinitely nearer to each other ; a large 
number instead of one would occupy any section of the tube, 
and the amplitudes would be very small. 

Insert a cork loosely in a glass tube ; arrange so that the cork 
is 12'' from one end ; blow gently across the mouth and note the 
sound. Call it Doh. Push the cork until, on blowing, the third (Me) 
is heard; measure the distance from cork to mouth : proceed 
similarly for Soh and Doh^ 



Note 


Vibration No. of 


Length of 


Vibration No. of 




stopped pipe 


tube 


open pipe 


Doh (i) 


4 


12 


8 


Me^) 


5 


9 • 


10 


Soh (^) 


6 


7i 


12 


Doh'(2) 


8 


6 


16 



12 : 9::7^::6 = 8 : 6 : 5 : 4. 

In stopped pipes the number of vibrations per second is in- 
versely as the length of the tube. 

Remember, that the ratio of the vibration numbers (column 
2) has been determined by the siren and Savart's wheel. 

An open pipe yields a note with twice the number of vibra- 
tions per second, that the stopped pipe yields (§ 31). The 
number of vibrations for the open pipe (column 4) is thus ob- 
tained at once. In the above table these numbers are as 
4:5:6:8. 

Therefore^ in an open or in a stopped pipe^ the number of vibra- 
tions per second is inversely as the length of the tube. 
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In blowing across a tube it is not always easy to obtain a 
good musical sound ; the relation between the notes is, how- 
ever, easily perceived. 

34. Overtones in Open and Stopped Pipes. 

Blow strongly across a closed tube ; another note much 
higher than the fundamental note can be heard ; this is the first 
overtone ; it is the 12th above the fundamental. Remember, the 
overtone was sounding before, but we could not detect it. 
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Fig. 92. 

B, fig. 92, represents the tube giving the fundamental ; the 
particles of air move towards the bottom and back. In E the 
first overtone is produced ; the node is marked by the line. The 
particles will be alternately moving to and away from the node. 
(Draw the tube with the arrow-heads reversed.) H represents 
the nodes when the next overtone is produced. The lengths 
of the quarter- waves, and therefore of the whole waves, are as 

I : 3 *• 5 • 7, etc. 

These represent the ratio of the vibration numbers of the 
fundamental and the overtones. 
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An open pipe gives a note an octave higher than a closed 
pipe of the same length ; it gives the same note as a closed 
pipe one half its length. It is, in fact, unimportant for the 
fundamental note, whether A, D, and G are formed each by a 
single pipe open at each end, or of two equal closed pipes, 
the closed ends being in contact. (Examine the figures.) 

In addition to the nodes in A, D, and G obtained by joining 
two closed pipes, the air can vibrate in an open pipe, as in C 
(this is the first overtone of an open pipe), and as in F. 

One-quarter wave-lengths (.'.whole wave-lengths) of the 
fundamental and overtones are in open pipes as i : 2 : 3 : 4 : 5, 
etc. These give the ratio of the vibration numbers of the funda- 
mental and the overtones or harmonics in open pipes. By 
blowing with sufficient force, these overtones can be heard. 

The combination of overtones with the fundamental^ gives the 
quality of the sound in any instrument. 



35. Production of Sound in Tubes 

Resonance. 



Take a tuning-fork of low pitch, 
hold it in the hand, and cause it 
to vibrate. Hold it over a tall jar 
about 18" long (fig. 93, A). Pour 
water into the jar ; at a certain 
height the note suddenly becomes 
reinforced. Measure from the 
mouth to the water ; pour more 
water in; the sound disappears. 
This strengthening of the sound is 
called resonance. By pushing a 
cork up a glass tube (a lamp glass) 
the same results are obtained (fig. 
93, B). Try another fork, G ; again 
obtain the required depth ; remove 
the tuning-fork and blow across the 
mouth ; the same note is heard as 
that produced by the fork. 




Fig. 93. 



Resonance in a stopped tube is possible, when the air can 
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be set in vibration, so as to produce the same sound as the 
sonorous body produces. 

Measure the depth of the tube in a few experiments. 



Name of fork 


Vibration No. 


Length of sound wave 
(calculated) 


Depth of tube 
(measured) 


C 

G 
C 


256 
324 
512 


VffV ft. = 52 inches 
ar3¥ » =^ 35 » 

VW » = 26 » 


13 



The depth of the resonant tube is one quarter the wave 
length ; this agrees with the conclusion in section 33. ' 

Cut a number of tubes the required length ; glue circles of card- 
board to one end. These form resonators. 

If resonating tubes open at both ends be used, they will be one 
half the length of the open tubes. 

Take two tuning-forks in unison ; sound one ; stop it. The 
other fork is found to be vibrating. Sing a clear note near a piano ; 
a certain wire will respond to the note. It is the same wire that, 
when struck, produces the note. 



36. To Make a Resonant Box for a Tuning- Fork. 

The box should be made of thin wood and be about 3^' wide, 
I J'^ deep. Glue the sides together. Glue a reel on to the top ; in- 
sert the tuning-fork in the hole of the r^el. The box should rest 
on short lengths of india-rubber tubing. 

Calculate roughly the lengths of the boxes thus : 



length in inches == 



1120X 12 



-^4. 



vibration No. 

Test with fork and tube before finishing. 
The vibrations are communicated to the top ; this, being thin, 
vibrates ; the column of air takes up the vibrations. 

i It should be remembered that in all cases of resonance, 
while the note is reinforced, it sounds for a shorter time. 

If it be required to keep the tuning-fork vibrating a long time 
hold it in the hand ; the sound is feeble. Place it on the resonator ; 
the sound is full, but it soon ceases. 
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Examples. XII. 

1. What is meant by a stationary wave ? Compare it with a progressive 
wave. / 

2. Calculate the depth of a resonant jar for a fork marked 256. What 
is the length of the sound wave ? 

3. How do the harmonics affect the sound produced by a tube ? 

4. If you blow across the open end of a key, you can frequently obtain 
a shrill note. What connection is there between the length of the key and 
the shrillness of the note ? 

5. A tuning-fork, making 384 vibrations per second, is held over a 
cylindrical jar filled with air, in which the velocity of sound is 11 00 feet 
per second. What must be the length of the jar in order that it may be 
best adapted to resound to the fork ? What is the length gfthe wave sent 
out by the fork ? 

6. When a tuning-fork is set in vibration, and held close to one end of a 
glass tube 20 inches long and open at bbth ends, an augmentation of sound 
takes place. If the tube be longer or shorter than 20 inches, the increase 
of sound is not so great. How do you explain these facts ? and how could 
you calculate from them the pitch of the tuning-fork ? 

7. A tuning-fork C gives 256 vibrations a second ; it is held over the 
open end of a pipe closed at one end, Which gives the same fundamental 
tone as the fork. Explain the change of state of the air in the pipe during 
the complete vibration of the fork. 

8. Explain how to determine the time of vibration of a given tuning- 
fork, and state what apparatus you would require for the purpose. 

9. A stopped pipe 2 feet long and an open pipe 4 feet long give the 
same fundamental notes. How do these two notes differ in quality ? What 
determines the quality or timbre of a note ? 

37. Reeds. 

A column of air can be set vibrating by the vibrations of 
an elastic plate, as in the case of the clarionet. The simplest 
form is the pipe made of straw. 



G 




Fig. 94. 

A straw is cut off above a knot ; this gives the closed end. The 
straw is slit upwards by a sharp knife for about one inch. The slit 
part is placed in the niouth and by blowing r r vibrates ; r r can 
vibrate at different rates, but one note is characteristic of the pipe, 



The length rs determines this note ; r r vibrates so that the note 
it produces is reinforced by the air vibrating in rs. 

rf is an example of a beating reed. If the tongue r-r 
could pass through the slit, into the pipe, it would be termed 

a FREE REED. 

38. Organ Pipes. 
The construction of organ pipes will be understood from 
the first two drawings of fig. 95, an open organ pipe being repre 



sented. Air is driven from the bellows through the channel/, 
into the air chamber or throat; from thence it can only 
escape through the ■narrow slit i, which directs it {gainst the 
edge of the lip a. The length of the pipe is so arranged 
that it acts as a resonant tube to the pulsations. Its length 
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can be determined by what has been said of closed and open 

pipes. 

The overtones follow the same laws as the simple pipes. 

Fig. 95, F, is the section of a flageolet ; omitting the holes 
on the under side, it is the ordinary whistle. When the holes are 
closed, the whole of the air in the whistle vibrates. If a finger 
be lifted, the hole determines the position of a ventral segment, 
and therefore the pitch of the note. 

39. To Measure the Speed of Sound in Gases by 

Using Pipes. 

With a tuning-fork A, vibration number 440, find the velocity of sound 
in air, and in coal gas. 

By means of a jar find the length of a closed resonant tube 

(§ 35). 

This length = 7'6 inches, 

.'. 7*6 is i wave length, 

/. I wave length = 30*4 inches. 

440 of these vibrations occur in one second. 

/. 30*4x440 inches = speed of sound in air=iii47 
feet. Verify by using an open tube. 

Fill the tube with coal gas. Hold the tube mouth downwards 
over a gas jet ; push the cork, until the tube acts as a resopant 
tube to the fork. A closed tube filled with coal gas reinforces 
the note at a depth of 10*5 ins. ; 

/. length of wave in coal gas = 42 ins. ; 

/. speed of sound in coal gas = 42 ins. x 440= 1457 ft. 

Repeat the same experiments with hydrogen gas, and 
carbonic acid gas, as with coal gas. 

40. To Show the Presence of Nodes and Loops in 

Pipes. 

(i) A child's wooden whistle is cut off just behind the first 
finger-hole and fastened into a glass tube three times its length ; 
the end is closed with a cork, and fine sand is sifled into the 
tube. When the fundamental note is sounded, the dust is set 
in motion and accumulates at the nodes (fig. 96). 



(a) Make a small tambourine by covering a circle of wire 
i' radius tightly with tissue paper ; when an organ pipe with a 



glass front is sounding, lower the tambourine, on which sand 
is sprinkled ; the fluttering of the paper 
and the movement of the sand indicate 
the position of the loops {fig. 97). 

41. Doppler's Principle. 

When a locomotive sounding its 
whistle approaches and passes through 
a station, it is observed that the pitch of 
. the note heard as the engine approaches 
is higher than the real pitch heard just 
as the engine is in the station, and that 
the pitch lowers as the engine recedes 
from the station. This is true, of the 
pitch of any sounding body that changes 
its position with respect to an observer, 
and the fact in its general form is called 
Doppler's Principle. 

Let B be a sounding ]3ody whose 
vibration frequency is n per second, and 
A the position of the observer. 

V = velocity of sound in air in feet per 
second. 

V = uniform velocity in feet per second 
" pi^ of A and B when in motion, v will 

always be a fraction of V ; let » = A V, 



(i) Let B remain stationary, while A moves with velocity 
If A move towards B, not only will « waves pass A per 
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second, but in addition a number of waves whose length 
equals z/— -that is, n^^ nk\ that is, the real vibration fre- 
quency becomes «(i + K). Similarly, if A recedes from B, the 
vibration frequency becomes n(\ ^ k), 

(2) Let A remain stationary, while B moves. In one 
second the first condensation from B will be V feet from the 
position B; but in one second B has moved v feet, there- 
fore there will be n wave lengths in a distance V — v — ^that 

V — z; V(i ^k\ 
is, one wave length = = — ^ -^ and the frequency as 

these waves pass A will be V-r-V — ^ — - = n- — -7: and 

n I — A? 

similarly, if B move away from A, the vibration frequency will 

• . ■■ I- • . 

be n — j— T. 

The results of the approach of A or of B are approximately 
equal if k be stnall (because _ > = 1 + ^ if ^ be small), and 

one motion may be substituted for the other ; but it must be 
remembered that they are not exactly equal, and the reason 
for the change in pitch is different in the two cases. If A 
moves, the pitch changes because more or less waves whose 
lengths remain constant pass A in a second; if B moves, the 
actual wave lengths are lessened or increased. 

Examples. XIII. 

1. The note given by a vibrating tuning-fork is readily distinguished 
from the note of the same pitch given by a flute. Explain in what respects 
they differ from one another. 

2. In the case of an open organ pipe which is sounding its fundamental 
note, state clearly (i) in what manner and direction the air-particles are 
moving ; (2) how the wave in the pipe is produced. 

3. By what means would you test the state of disturbance of the air at 
any part of an open organ pipe, when a musical note is being produced in 
it ? What is the state of the air in the pipe when the first harmonic is 
being produced in it ? 

4. A stopped organ pipe 4 feet long, and an open organ pipe 12 feet 
long, are sounded. How are the notes related to each other ? Do they 
differ from each other in quality, and, if so, why? 
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5. Assuming the velocity of sound in air to be 11 20 feet per second, 
determine the length of the wave produced in air by a tuning-fork vibrat- 
ing 384 times per second. Determine also the length of an open organ 
pipe which would yield the same note as the tuning-fork. 

6. Explain how to divide an open organ pipe into two parts, so that, 
both being open organ pipes, the note given by one of the parts is the 
octave of the note given by the other. How are these notes rcdated to the 
fundamental of the whole pipe ? 

7. What is the effect of boring a hole through the wall of an organ 
pipe (a) in the middle of a ventral segment, (h) at a node? 

8. What is the relation between the wave length in air of a note, and 
the length of the closed organ pipe which resounds to it ? Account for the 
difference in the quality of notes of the same pitch, from a closed, and open 
organ pipe. 

9. A musical string vibrates 400 times in a second : state what occurs 
when you make the length one-third and four times the original length 
without altering the tension ; and also what occurs when the tension is 
made four times and one-ninth the original tension, without altering its 
length. 

10. The flash of a gun-cotton rocket, exploded at a height of iocx> feet 
in the air, is seen by a person six miles distant. Some time afterwards the 
sound is heard. How many seconds elapse between the flash and the 
sound? One thing which is purposely omitted ought to be taken into 
account. What is it ? 

11. What is the cause of the variations of pitch produced by the finger- 
ing of the common flute ? 

12. How can the velocity of sound in coal-gas be measured ? 

13. When a cannon is fired, windows are sometimes broken. Why is 
this? 

14. A silver and an iron wire of the same diameter, are stretched by 
weights of 4 and 36 pounds respectively. When plucked transversely they 
produce the same sound. The density of silver is 10 5 and iron 7*8. Find 
the lengths of the wires. 

15. What is the length in feet of the sound waves, and the n amber of 
vibrations per second, of a certain timing^fork to whose note a tube of air, 
at normal pressure and temperature (sound speed, 1085 feet per sec), 12 
inches long, closed at the bottom and open at the top, responds ? 

Show by wave-line figures the air's states of alternate condensation and 
rarefaction in the tube in the case described, and also when the tube 
resounds to a fork an octave higher in pitch than the former one. 



LIGHT. 



■•09- 



CHAPTER I. 

RECTILINEAR PROPAGATION OF LIGHT-^SHADOWS^ 

PHOTOMETRY, 

I. Introduction. 

From observation we conclude that light comes from bodies 
that are burning. Light seems to dance off a piece of look- 
ing-glass and then affect our eyes ; we know the looking-glass 
is not on fire. The sea, the surface of a pond at times, looks on 
fire ; we know that this is not in reality the case. The looking- 
glass and the sea reflect the light of the sun. 

Bodies from which light proceeds are called luminous bodies. 
If the light be due to the burning of the body, as is the case in 
the candle and the fire, the bodies are self-luminous. Many 
bodies are like the looking-glass and merely reflect light. 

Light proceeds from the sun, and passes through the space 
between the earth and the sun, through the atmosphere, through 
clear glass, roughened glass, paper, and other bodies. It is 
stopped by several sheets of paper, or by brick walls. 

A substance through which light passes is called a 

MEDIUM. 

Substances that allow light to pass, so that objects can be 
clearly distinguished, are called transparent ; such are glass, 
the air, water. 
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If light pass through substances, but objects cannot be 
clearly distinguished, the substances are called translucent ; 
such are roughened glass, oiled paper. The metals generally, 
if in thin layers, are translucent 

Opaque substances do not allow light to pass through, as 
gold, bricks. 

A medium is called homogeneous^ when its composition and 
density are the same throughout. Water, carefully prepared 
glass, the atmosphere if we consider only a small part of it, 
are homogeneous bodies. 



2. Propagation of Light — Ray and Pencil 

OF Light. ) 

In a homogeneous medium light is propagated in straight 
lines. This is our everyday experience : we never expect 
to see round a comer. If we wish to see through pinholes 
made in three pieces of cardboard, we place the holes in a 
straight line. The sunbeams as they track their way through 
the room are straight. Any statement affirming that light could 
be bent, we should reject, unless the experiment could be 
performed. 

The reason, for the insertion of the word 'homogeneous, will 
be shown later. 

When light proceeds from a luminous point it is sup- 
posed to be made up of rays. Such rays will of course be 
straight lines. 

A number of rays form a pencil of light; as light proceeds 
in straight lines, the pencil will generally be a cone, or a 
cylinder if the rays be parallel. 

Place in the stage of a magic lantern, a blackened card with 
a hole in the centre, \^' in diameter ; focus jthe imag^ of thie hole on 
the wall. , Hold a piece of smouldering paper iiear, and notice the 
cone of light. Imagine this cone to be made of an enormous 
number of rays. 

Examine a pencil of light from the sun, passing through a hole 
in a shutter ; the rays are parallel ; the pencil is a cylinder. 
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3, Shadows — Umbra — Penumbra; 

It follows, that if light travel in straight tines, part of the 
space behind an opaque body, is protected from the source of 
light in front of it; the opaque body casts a shadow. 

Use a candle or a lamp as a source of light, a square piece of 
cardboard i inch side for the opaque body, a square of translucent 
paper (ordinary foolscap) for the screen. Turn the edge of the 
flame to the cardboard. The centre of the shadow is very dark ; 
round the edge, the darkness is not so marked. Make pinholes in 
various parts of the screen, and look at the light, through the pin- 
holes, from behind the screen. Through the pinholes in the darkest 
part, no part of the flame can be seen ; through the medium dark- 
ness of the hovdei, part of the flame can be seen; that is, this part Is 
partly illuminated by the flame. 

The part of the shadow, from which no part of the luminous 
body can be seen, is called the umbra ; the part, from 
which a portion of the luminous "body can be seen, is called 

the PENUMBRA. «■ 

Examine the cases when the object is greater than, equal 
to, and less than the source of light. 

Object Greater than the Source of Light. 
Use a ball M as the object ; place a black screen, with a small 
hole ba, in front of the lamp ; the light appears to come from ba. 



Tta. SB. 

The umbra is in all cases greater than the object, and th^ 
shadow will increase in size, as the screen is moved away. 



Light 



Object Equal to the Source of Light. 
Use the lamp with a ground globe, and a ball of equal size. 
The umbra will remain the same size as the object, at whatever 
distance the screen is placed. 

Object Smaller than the Source of Light. 
Apparatus, a lamp S with a ground globe, a ball £, a 
small ball M, and a screen. 



Fhi. 99. 

The umbra is always smaller than the opaque body ; it 
decreases in area as the screen is moved away, and beyond 
C only penumbra will be seen. 

Test these results by using the screen, and by observing 
through pinholes. 

4. Eclipses. 
The sun is larger than the earth ; the moon is smaller than 
the earth. When the umbra of the moon falls on the earth, 

an eye placed in the umbra, will be unable to see any part 
of the sun. Total eclipse is produced. Where the pmumbra 
falls, there will be partial eclipse ; part of the sun will be seen. 
In fig. 99 S represents the sun, M the moon, E the earth. 
The objects and distances are not constructed to the proper 
scale. 

Place a screen in the position of the earth, and examine the 
appearance through the pinholes. Move the screen away from S ; 
beyond C, all will be penumbra. 
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A person, in this penumbra, will see a black circle sur- 
rounded by a bright ring A ; an annular eclipse is produced. 

If the moon pass into the shadow, cast by the earth, an 
observer on the latter will see the moon eclipsed, partially if it 
be partially in the shadow, totally if it be entirely in the shadow. 
We also team that the moon is not self-luminous ; it merely 
reflects the sun's light. 



As we reduce the size of the source of light, the penumbra 
is reduced. If the luminous body were a point, there would 
be no penumbra (fig. 100). 

5. Intensity of Light, 

The quantity of light received on a unit of surface (a square 
foot or square inch), is called its intensity. 

Seeing that light is propagated in straight lines, it follows, 
as in the case of sound and heat, that its intensity diminishes 
inversely as the square of the distance from the source of light 

Illustrate this law in this way : — 

Suppose the light to come from a luminous point. We can 
approximate to this by placing in front of a flame, held side- 
ways, a sheet of blackened paper with a hole made by a needle, 
and regard the hole as the source of light, or cover the lantern 
with a cap, in which is a small hole. A candle may be used 
for a rough experiment (fig. loi). 

Place a square of cardboard A, of i" side, one foot from the 
hole, or the candle ; and a white screen B two feet away ; tha 
shadow is 3" side, therefore 4 square inches in area. 
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If the small piece of cardboard be now removed, the 4 square 
inches of screen in shadow, at a distance of 2 feet, will receive the 



Mght that I square inch received at a distance of i foot. Try various 
positions and measure. 



Distuice of object 


Size of object 


Distance of shadow 


Sizeof Aadow 


2(B) 


4 


2 

3(C) 


4 
9 
9 



By doubling the distance the intensity becomes one fourth. 
By trebling „ „ „ „ „ ninth. 

The intensity of light at distance 2 : the intensity of light at 
distance 3 

asi;i. 

In the above positions incline the screen ; a greater portion 
is in shadow ; i.e. if the square were removed, a greater portion 
of the screen would be illuminated, and therefore the intensity 
would be diminished. 

7>4e intensity varies inversely as the square of the distance 
from the luminous body. 

The intensity changes with the inclination. 
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Examples. I. 

1. Explain the terms pencil, ray, medium. 

2. What is meant by the umbra and penumbra of a shadow ? How 
could you show by es^periment that from the penumbra, part of the lumi- 
nous body can be seen? 

3. A small ball is held before a luminous point ; draw and describe the 
form of the shadow on the wall. Will there be a penumbra ? Replace 
the luminous point by a luminous area. What effect will this have on the 
shadow? 

4. Describe and illustrate a total eclipse of the sun. A person sees a 
partial eclipse ; is he in the umbra or penumbra of the shadow ? 

5. Suppose light proceeds from a luminous point 12" distant from a 
screen: a piece of square cardboard 4'' side is held parallel to the screen, 4!' 
from the luminous point. Find the area of the shadow. 

6. In No. 5 the screen is inclined to the cardboard ; how does this 
affect the area of the shadow 

6. Photometry. 
The law of inverse squares leads to a useful result. 

Take a cylinder of wood 18 inches high, i inch diameter ; a 
square of white cardboard 2 feet side ; a lamp or gas flame, and a 
candle. Place the cylinder near the screen, and the candle at a 
distance of 18^^ from the screen. The lamp or gas flame should 
be the same height as the candle flame. Move the lamp until 
the shadows of the cylinder appear side by side, and equally dark 
(fig. ic2, A). 

Now, as the candle illuminates Si and the lamp illuminates 
Ss (fig. 102, B), the candle and the lamp cast the same quantity 
of light on the screen. And, as the quantities of light received 
at Si, S2 are equal, by the law of inverse squares, the illuminat- 
ing power of the lamp, is to the illuminating power of the 
candle, as the squares of their distances from S2 and Si. 

Measure the distances. Li S2 = 59 ; L2 Si = 24. 

Then illuminating power of L : illuminating power of C 

as Li Sa* : LaSl^ as 59^ : 24^ as 3481 : 576, as 604 : 1. 

The light of the lamp is equal to the lights of 6 candles. 
This instrument is Rumford's Shadow Photometer. 
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A photometer is an instrument for measuiing the compara- 
tive intensities of lights. 



The lamp and candle should be at a greater distance from 
the screen than is shown in the drawing. 



7. Bunsen's Grease-Spot Photometer. 

Make a grease-spot on a sheet of paper. Place the paper 
between your eye and the light ; the spot is seen by transmitted 
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light, and appears light on a dark ground. Place it against the 
wall, so that the light falls on it. The spot is seen by reflected 
light, and appears dark on a light ground. 

If the light falling on both sides of the paper, be of the 
same intensity, the spot iEl|>pears the same as the surrounding 
paper. This experiment illustrates the principle of Bunsen's 
photometer. 



To Make a Bunsen or Grease-Spot Photometer. 

Cut two circular (or square) frames of cardboard, 7'' outside 
measurement, 5'' inside ; stretch a circular piece of writing-paper 
6'^ diameter, and paste it on one frame. Paste the other frame and 
place it above the paper ; press and leave it to dry. Drop in the 
centre of the paper a spot from a stearine candle ; after a few 
minutes remove it with a knife. Place the paper between two 
pieces of blotting-paper, and run over the blotting-paper with a 
hot iron or warm piece of glass. Trim the edges. Make a slit in 
a rod of wood, fix the frame in this ; insert the rod in a block 
2l^ X 2'' X V\ The grease-spot should be Z^' from table. Divide 
a line on the table into inches. Place the photometer as in fig. 103. 
The wick of the candle and the gas flame should be the same 



height. 




103. 



To compare the mtensity of a gas flame with a candle flame, 
move the photometer until the spot cannot be seen ; the 
illumination on each side is now the same. Remember the law 
of inverse sqdares : 

Distance of gas 35", 

„ candle 9" ; 

N - 
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•*. illuminating power of candle : illuminating power of gas 



9^: 



35". 



:: 8i : 1225, 
:: I : iS'i- 
The gaslight is equal to the light of 15*1 candles. 

The reports concerning the illuminating power of gas are 
obtained by the above methods. 

The standard candle is a sperm candle, 6 to the lb., burn- 
ing at the rate of 1 20 grams in an hour. 

To Verify the Laws of Inverse Squares. 

Cut a piece of tin the shape of fig. 105; turn up the edges at 
the dotted lines; make five holes abcde. Place tacks through 
abde and solder them; fasten the tray to a rod, by passing a 
tack through c. 





=J —^ 

\ 

\ 






1 



^ 



Figs. X04, 105. 

Cut five pieces of candle from the same candle ; place four on 
the tacks in ^i ^ de, the fifth on a single stand : trim carefiiUy, sio that 
the wicks are the same size ; place four on one side of the photo- 
meter, the single candle on the other side (fig. 104). 

Find the distances at which the spot disappears. The four 
candles should be at twice the distance of the single candle 
from the screen. 
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Examples, II. 

1. Describe an experiment, made with the shadow photometer, to test 
the illuminating powers of two sources of light. 

2. State, and explain, the relation between the intensity of the light, 
which falls on a given surface, and the distance of the source of light 
from the surface* 

3. Of two gas flames, one gives out 25 times as much light as the other. 
If you test their illuminating powers by means of a Rumford's (shadow) 
photometer, and you place the smaller flame at a distance of two feet from 
the screen, at what distance from the screen must the lai^er flame be placed, 
in order, that the shadows of an opaque object cast by the two flames, may 
be equally illuminated ? 

4. If you hold a sheet of blotting-paper, in the middle of which a grease- 
spot has been made, first behind and then in front of a gas flame, you will 
notice a difference in the appearance of the grease-spot. What is this 
difference 7 How would you use such a piece of blotting-paper to compare 
the illuminating power of a small gas flame with that of a large one ? 

5. Explain the principle of the Bunsen (or grease-spot) photometer. 
How would you prove that the illumination of any surface is inversely 
as the square of its distance from the source of light ? 

6. In fig. 10 1 if A be a disc 2" diameter, 3" from the luminous point, 
what shape and size will the shadow p be, when it is 7" from the point'? 

8. Images Produced by Small Apertures. 

Pinhole Camera, 

Knock the bottom out of a coflfee tin, blacken the inside, cover 
one end with tinfoil ; make a cylinder of cardboard that just slides 
inside the tin ; cover one end of this with tissue paper and push it 
into the tin. Make a pinhole in the centre of the tinfoil, look 
into the box, pointing it to some illuminated object (trees, houses, 
etc.) By adjusting, an inverted image is seen on the tissue paper. 
Make another hole in the tinfoil, another image appears ; make 
more holes, the images overlap and become indistinct ; remove the 
tinfoil, the paper is uniformly illuminated. That is, the uniform 
illumination can be regarded as the result of a number of images 
overlapping each other. 

In order to show this to a class, remove objectives and con- 
densers from a magic lantern, cover the aperture with a cap of 
tinfoil, prick one hole, and an image of the lamp wicks is seen. 
By pricking more holes, the above effects are obtained 
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Light proceeds in straight lines from the trees, etc, ; these 
lines cross at the hole, with the result that the image is inverted. 
Fi^ 106 illustrates the formation of images through a small 
aperture. The shape of the image does not depend upon the 
shape of the aperture. In the covering of the camera or the 
lantern, make a small hole with a triangular piece of iron (file 
the end of a needle) ; the image does not seem different from 
the image obtained in the previous experiment Let sunlight 
enter the triangular aperture of the camera ; by pushing in the 
inside tube, a triangular image is obtained. Darken the room, 
and let the light from the sun, after passing through the aperture, 



fall on the wall, at some distance from the aperture ; the image 
is round. 

Eveiy point on the surface of the sun prints its own triangular 
image. When the screen is near the hole, these images neariy 
coincide and a triangular image is formed. When the scf een 
is moved away to a distance, the triangular patches are spread 
over a larger space ; the overlapping of those in the middle of 
the space gives a bright patch. Every point in the circumfer- 
ence of the sun will give a triangular patch in the circumference 
of the space ; these overlapping form a circular boundary. 

g. Light is in itself Invisibi^ 

The rays of the sun are seen on account of the pieces of 
dust that float in the air ; if these were removed the beam 
would be invisible. The particles of dust and smoke reflect 
the light 
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In a darkened room take a tall glass jar ; arrange, so that a beam 
of light from the sun, or a parallel beam from the lantern, is re- 
flected from a small mirror vertically into the jar ; cover the jar 
with a glass plate ; look at the jar and notice how feeble is the 
illumination. Place a piece of smouldering paper in it. As the 
smoke forms, the jar seems to fill with diffused light ; remove the 
plate, and as the smoke disappears streaks of darkness appear. 
Hold smouldering paper in the path of a sunbeam ; the space seems 
to brighten* Allow a beam of light to pass through distilled water 
in the jar ; it is scarcely apparent : add a little milk to the water ; 
the path of the beam is distinct. 

Examples. III. 

1. If you make a pinhole in the bottom of a box, and replace the lid by 
a piece of tissue paper, you see on the paper pictures of external objects. 
Explain the formation and character of the pictures. 

2. Is the expression ' I see a sunbeam ' scientifically correct ? 

3. When sunlight passes through the spaces between the leaves of trees, 
circular patches of light are seen on the ground. Why ? 

4. You cannot see the shadow of a hair held at a foot distance from a 
wall, against which the sun is shining ; whereas you see the shadow when 
the hair is held close to the wall. What is the reason ? 

5. The centre of a luminous sphere ^" diameter, is 3" from the centre 
of an opaque sphere i\" diameter. Sketch the shadow on a screen 6" 
from the centre of the luminous sphere. 

6. Describe exactly why a small hole is able to produce an image of 
an object on a screen. What will be the effect of enlarging the hole ? 

7. A candle b placed inside a box in a darkened room. Three very 
small round holes are cut in one side of the box, and a sheet of paper is 
held a short distance away in front of the side. Describe and explain the 
appearances seen on the paper. 
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CHAPTER II. 

REFLECTION OF LIGHT— PLANE MIRRORS. 



lo. Reflection of Light. 

When light falls upon a piece of looking-glass or bright metal» 
it seems to start off ; the light is reflected. The reflection of 
the sunlight is seen from the surface of water. 

Use a piece of looking-glass (L) 7." side, and a semicircle of 
cardboard i foot radius, divided as in fig. 107. Place the semicircle 
vertically; glue it to large corks, so as to keep it in that position. 
With a reflector M send a beam of light so that it strikes the look- 

O 




ing-glass, near the point where the line N meets the glass and 
parallel to the plane of the semicircle. Hold smouldering paper 
near the path of the beam ; read the angles from O. 

The ray that strikes the glass is called the incident ray ; 
the ray that is reflected, the reflected ray. A line perpen- 
dicular to a surface at a point, is called the normal at that 
point ; it is represented by N O. 
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The angle M N O, which the incident ray makes with the 
normal, is called the angle of incidence. The angle R N O, 
which the reflected ray makes with the normal, is called the 
ANGLE OF REFLECTION. Measure the angles in a few cases. 



Angle of incidence 


Angle of reflection 


40 


40 


60 


60 


20 


20 



We conclude that — 

(i) The angle of incidence equals the angle of reflection. 

(2) That in whatever position the incident ray meets the 
inirror, the sheet of cardboard (a plane) can be so placed that 
it passes through the incident ray, the reflected ray, and the 
normal. 

The laws were demonstrated by observing the actual path 
of the rays, the rays being made visible by allowing smoke to 
appear in their path. The experiment can be varied in this 
manner, in ordinary daylight. 

Stick a pin with a large bright bead for a head, at any part of 
the circumference of the divided circle. Blacken a piece of glass 
tubing, and move this, until by looking through it, at the mirror, the 
image of the pin-head is seen. 

If the pin be at 45° on one side, the tube will be 45° on 
the other side, and the line joining the pin's head to the mirror, 
the line joining the eye to the mirror, and the normal will be 
in one plane. 

When the incident beam made an angle of 40® with the 
normal, there was an angle of 80° between the incident beam 
and the reflected beam. When the angle was 30°, the angle 
between the two beams was 60®. By making the angle 
between the incident beam and the normal 10® less, the angle 
between the two beams was made 20** less. 

By keeping the incident ray fixed, and moving the mirrors, 
we shall find that by moving the mirror through, say, 5°, the 
reflected ray moves through 10®. 

If a mirror he made to rotate^ the reflected beam moves through 
twice the angle passed ot>er by the mirror. 
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Laws of Reflection. 

( i) The angle of incidence is equal to the angle of reflectioa 
(2) The incident ray, the reflected ray, and the notoal are 
ifi the same plane. 

II. Regular and Irregular Reflection — Diffusion. 

In an otherwise darkened room, allow sunlight, or a 
lantern beam, to fall in succession upon a piece of looking-glass, 
a sheet of tin, a sheet of white cardboard, and a sheet of 
blackened cardboard. 

From the looking-glass a distinct spot of light is obtained 
on the wall; the surface of the looking-glass cannot easily be 
seen unless the eye be in the path of the reflected rays. The 
sheet of tin gives a fairly distinct spot ; its surface can be seen 
more readily from any part of the room, than that of the look- 
ing-glass. The sheet of white cardboard gives no distinct 
spot ; it can be seen distinctly from any part of the room. 
The black sheet of cardboard does not reflect at all. 

Mirrors, polished sheets of metal, are called good reflec- 
tors ; they reflect light in a definite manner. The surfaces are 
smooth. Sheets of cardboard reflect light irregularly) the rays 
are diffused and strike the eye in any part of the room. 
Blackened cardboard and similar bodies are bad reflectors. 

The looking-glass and, to a less extent, the polished tin 
reflect light regularly. The white cardboard reflects light irregu- 
larly ; in a similar way the trees, furniture, etc., diffuse the light 
that falls upon them. 

12. Application of the Laws of Reflection — 

Plane Mirrors. 

Having satisfied ourselves, that the laws of reflection are 
true, we can use them to determine what will actually occur 
under certain conditions, even without performing the experi- 
ment We shall be further convinced of the accuracy of these 
laws, if we find, that the results we obtain by using them, agree 
with the actual facts. 
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Let S S be a reflecting surface, a a luminous point ; rays proceed 
in straight lines in all directions from a. Draw a few of these 
rays, ai, ac, ad, ae, a/. Trace by geometry the reflected rays, 



In each case draw the normals {ba, eg, etc.), and remember the 
laws of reflection (Rg, 109), 

Produce the reflected rays behind the mirror ; they all 
meet in a point a'. The reflected rays seem to come di- 
rectly from the point a'. By 
measurement 

a' is called the optical image 
of the point a. 

The image is on the per- 
pendicular produced, drawn 
from the object to the re- 
flected surface, and is as far 
behind the surface as the 
object is in front. 

To represent the whole of a reflecting surface is incon- 
-venient; imagine it cut by a plane passing through aba', its 
representation then will be as in fig. 109; 
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13. To Trace the Rays from a Point to the Eye. 

A is the luminous point, O the eye, 
N M the reflecting surface. 

The image of A is at d, A c is per- 
pendicular to N M, and N A = N a. 

Join a to the extreme points of the 
eye ; then all rays are between the cone 
of rays, of which the section is shown. 
The rays really proceed from A 
Join A B, AC 

The path of the rays is ABO, 
"■=■'■"■ AGO. 

Remember we tee the bodies, in the direction, in which the 
rays enter the eye. 

To Draw the Image of an Object A B. 

All bodies are made up of points, and the image will be 
the image of an assemblage of points. 

The image of A is first obtained, then the image of B ; the 
images of intermediate points 
St lie between a and b. 
It is also plain that by 
doubling C D A B over on 
CDa5,the figures will coin- 
cide ; that is, the image is the 
same size as the object. 

The images in the above 
cases have no actual exist- 
ence ; they cannot exist be- 
hind the opaque mirror. 
Such images are called virtual images. 

The course of the pencil of rays can, be traced as in fig. no. 

In fig. 109, if if/be regarded as the reflecting surface, the eye 
must be placed between the lines ad, af, produced, in order to see 
the image a. Suppose C M to be the refiecting surface in fig. in : 
to see a, the eye must be between a C and a M produced ; to see £ 
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the eye must be between b C and b M^ produced. Therefore to see 
the whole of a b^ the eye must be between a C and b M produced. 

Lateral Inversion. 

If we stand in front of a plane mirror, our right hand 
appears as the left hand of the image. This is termed lateral 
inversion. As a result of this if we write on paper, blot it with 
the blotting-paper, and hold the blotting-paper in front of a 
mirror, the writing can be read. Type set up, can be read by 
reflection, by holding it in front of a mirror. 

14. Inclined Mirrors. 

Take two square pieces of looking-glass (about i foot side) ; 
varnish the backs or cover with cardboard ; fasten cardboard to 
three sides with paste and black ribbon. Join two edges by a 
piece of black ribbon to make a hinge. 




Fig. ZX2. 



In fig. 112, S Si, S S2 are horizontal sections of the mirror. 
Place the mirrors at right angles to each other, each standing 
upright on a sheet of white cardboard. Print the letter / as in 
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the figure. The letter is reflected in the mirror S S, at B|, and 
in the mirror S Sa at Bj ; the image Bj is reflected in the mirror 
SS2, and the image Bj in the mirror SS^ If the hinge bea 

good one, an image Bawill 
be seen. Draw the above 
with instruments, using the 
laws of reflection. The 
imagesof Bj in S S2, and B, 
in SSi, coincide, so that 
only one image, B3, results. 
Notice thelatoral inver- 
sion in Bi and B2, but that 
there is no lateral inversion 
in Bs* 

Arrange the mirrors so 

that they form an angle 

^'*^"3- of 60**. Count the images ; 

draw the figure (fig. 113). For simplicity a luminous point is 

taken. The images coincide at ^K^, As an exercise, the path 

of the rays by which A4 is seen is drawn. 

A is reflected in S Si as Ai, A} is reflected as A3 in S S^, &c 




Angje of inclination of mirrors 

60° 

45° 



Figure + images 

.+3 = 4 = ^^ 



The above suggests an easy rule for determining the number 
of images, when the angle of inclination is an aliquot part of 
I So**. Draw the figures for 120®, 72®, and 40**. 

The Kausidoscope is an instrument made by placing two 
strips of glass in a tube, so that they are inclined at an angle of 
60° ; the end of the tube is closed by a piece of roughened 
^ass ; on this is placed pieces of bright coloured glass and 
beads, kept loosely in their places by a sheet of plane glass. 
On looking in at the other end, and holding the tube to the 
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l^ht, various coloured images are seen, formed by reflection in 
the inclined mirrors. 

15. Parallel Mirrors. 
If mirrors be placedparalleltoeach other an infinite number 
of images would be seen if the source of light were sufficiently 
bright and the mirrors of perfect polish. This result is best 
seen when standing between two large miirors. The student 
should calculate the number of images when the inchnation of 
the mirrors is 5°, 1°, ^% i', i", -oooi", o". 



image, enter the eye alter two reflections ; 
that is, the ray L S after reflection from M and from N gives the 
image V l^nV —n\)\ the ray Lir after three refleaions gives I". 
The images i, i"*, and t" are similarly fonned by rays reflected in 
the first instance from N. 



While there is no limit theoretically to the number of 
images, practically the images become so faint, on account of 
the loss of light, that only a small number can be distinguished. 
The greater the illiuni nation, the better will the images be seen. 

Examples. IV. 

I. Explain by aid oTa diagram how a person can see a complete image 
of himself, in a plane minor one balf his height 

3. A person sees his image, in a looking-glass inclined to the floor at an 
ai^le of 30° ; show by a drawing the uze and position of Che image. 
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J When an otject b pttced between two plane mirrors, explain, bow 
changes of position will aSect the number and positions of the Images of 
(he object, seen in the miuots. Trace the path of a beam which is reflected 
as manf times as possible bji two plane minois inclined at an angle of an 
equilateral triangle. 

4. A person is equidistant from two plane mirrois, which meet In the 
coiner of a square room. Explain in what wa; the image of himself, 
which he sees when looking towards the coTnei of the room, difieis from 
the images which iie sees, when loolcing towards the sides of the room. 

5. I stood yesterday beside a muddy lake with the sun behind me. 
My shadow was thrown distinctly upon the water. I stood afterwards 
beside a clear, deep lake, with the sun likewise behind me, and saw no 
shadow. Explain these observations. 

6. When the sun was overclouded, as I stood beside the muddy lake, 
my shadow disappeared ; but the images of trees on the opposite bank of 
the lake did not disappear. Explain the reason. 

7. A sunbeam passes through a darkened room : when the blackest 
smoke is caused to cross the beam it appears white to an eye placed in the 
darkness. Explain the effect. 

16. Reflection from Transparent Bodies. 

B On looking at a window pane 

obliquely, not only axe objects 
outside the room seen, but the 
images of curtains, and bodies 
inside the room, appear among 
the real objects outside. 

If the curtains were brightly 
illuminated and we did not know 
the glass was there, we might 
believe the curtains were actual 
objects outside. This is the ex- 
planation of all the so-called 
ghost experimeHts. The objects 
are strongly illuminated, and 
their images are reflected by 
clear glass that is un(d>served by 
F(G. lis. ^^ spectator. 

Take a square board 1 fimt side ; imagine it to be the bottom 
of a cube, fix a sheet of window ^ass gg vertically along a dia- 
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gonal. Make one side of the cube (the side cut by the line a) with 
a square sheet of black cardboard, in the centre of which is cut a 
square hole 4''' side. Place a bottle full of water behind j^^ (the plan of 
the bottle is shown) and alighted candle /as in the figure (fig. 115). 

An observer some distance in front, looking through the 
square hole, will see the bottle, by direct light, and the candle 
by reflected light The burning candle appears to be inside the 
bottle of water. All other lights should be extinguished. 



17. Reflecting Powers of Bodies. 

The reflecting power is difierent in different reflectors ; it 
also varies with the angle of inclination. By holding a sheet 
of foolscap near the flame and looking at the paper obliquely 
an image of the flame, can be seen. 

Comparison of the Reflecting Powers of Wetter and Mercury, 

Rays reflected in 1000. 



Angle of incidence 


Mercury 


Water 


0° (perpendicular) 
60° 


666 
721 


18 
22 

333 
721 



The remaining part is either reflected irregularly, or it is 
absorbed by the substance used. 

Examples. V. 

1. What is meant by lateral inversion ? 

2. Give a sketch of a candle shedding light through two long narrow 
tubes, and then show in the sketch how two flat mirrors are to be placed 
so as to reflect the light which has come through the tubes upon one and 
the same spot. 

3. A luminous point on a level with the eye is placed between two 
plane vertical mirrors which are inclined to one another ; trace the path 
of a pencil of rays by means of which the luminous point will be seen after 
three reflections. 
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4. When a plane mirror is turned about an axis in its own plane, ex- 
plain the change of position of the image of a small object seen by reflec- 
tion in the mirror, and point out its relation to the laws of reflection of 
light. 

5. Two plane mirrors are inclined to one another at an angle of *J7P ; 
explain in what way the position and number of images of any object be- 
tween the two mirrors is limited. 

6. What must be the angle between two plane mirrors, in order that 
an incident ray which is parallel to one of them may, after two reflections, 
be parallel to the other ? 

7. Smoke the outside of a glass tube. Cover one end with tinfoil 
and prick a pinhole in the centre of the tinfoil ; look through the other 
end at a candle. Explain the formation of the concentric circles of light. 

8. A candle is placed at a given short distance in front of an ordinary 
looking-glass, made of thick plate glass, quicksilvered on the back, and a 
person looking obliquely into the mirror sees several images of the candle ; 
explain this, and show the exact positions of the images by a diagram. 

9. When a horizontal beam of light falls on a vertical plune mirror, 
which revolves about a vertical axis in \h plane, show that the reflected 
beam revolves at twice the rate of the mirror. 
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CHAPTER HI. 

SPHERICAL MIRRORS. 

i8. Many Mirrors are Parts of a Spherical Surfacil. 

Let fig. 1x6 represent the section of a spherical shell through 
the centre. If a small part of the surface A B be taken, A B 




Fig. xi6. 

is the section of a spherical mirror. If the surface nearer c reflect 
light it is called a concave mirror ; if the surface nearer C, it is 
called a convex mirror. The line ^ C is called the principal 
axis of the mirror ; c is the centre of curvature. P is the apex of 
the mirror, and c P the radius of curvature. 

19. The Focus. 

With a radius of 6" describe a small arc A B, so that angle 
A C B is not greater than 20®. Draw a number of lines S A, 
T L, X B parallel to C O, the principal axis. 

Join A C. We can conceive that a small portion of the 
surface at A is a plane. The radius at A will be the normal 
By the laws of reflection the reflected ray will be A K cutting 
the axis at F (angle C A K=angle S A C). In the same way 
treat the incident ray T L : the reflected ray by construction 
again passes through F. 

o 
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Any number of incident rays, parallel to the principal axis, 
after reflection pass through the same point F in the principal 




3' 



Fig. 117. 

axis. We also conclude that rays passing through the focus, 
are parallel to the principal axis after reflection. 

The point on the principal axis where rays parallel to the 
axis cut the axis after reflection, is called the vocus of the mirror. 
By measurement F 0=F C. The focal distance of a con- 
cave mirror is half the radius of curvature. 

A ray from C to any point will be reflected back through C, 

just as a ray incident on 
a plane mirror perpen- 
dicular to the surface is 
reflected perpendicularly. 
Describe a large arc 
of 2" radius (fig. 118); 
repeat the same construc- 
tion as in fig. 117. 

There is no point in 
the axis through which all 
rays parallel to the axis 
pass after reflection. 

In treating of mirrors 
the arc is always supposed 
to be small compared with 
the radius of curvature. For distinctness in diagrams the size 
of the arc is frequently exaggerated. 




Fig. X18. 
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2o. Conjugate Focl 

Light from a point L falls on a mirror and is reflected to /. 
C is the centre of curvature ; A the vertex. A multitude of 
rays from L would strike 
the mirror ; only two are 
drawn. If the aperture 
be small all would prac- 
tically come through / 
after reflection. 

/ is the image of L. ^"^ "'■ 

If / were the source of light, by the laws of reflection the 
image would be at L. 

/and L are called conjugate foci. 

Let « = the distance of the object from the mirror, i'=the 
distance of the image,/= the focal distance, r = the radius of 
curvature. 

The sum of the reciprocals of the distance of the object 
and image from the minor, is equal to the reciprocal of the 
focal distance.' 

" u li r f' 

Suppose Che focal distance of a mirror be 10 inches, and that an object I9 
placed on the principaJ axis 30 inches from the mirror. Then the recipro- 
cal of the distance of the object is ^, the reciprocal of Che focal distance ^■ 

,", the reciprocal of ihedistance of the imagC" A~m = A- The image 
is 1 5 inches from the mirror. 

' If MA be very small compared with LA, LM and /M will be almost 
equal to LA and /A. 

lK = y. LA =«. CA = r = i/(focaldblance) 

LM : M/::LC:^ .-. LMxA; = CLxM/ 

LM=.LA(veiynearly) = » LC-LA-CA-«»-r 

m = lk „ „ =p lC^CA.-iA. = r~v 

.'. « {j*— i') = (i( — r) V ui — ini — uv~rv 



196 Light 

21. The Position and Size of the Image Determined 

BY Construction 

The image of an object having dimensions is found by 
considering it made up of a number of points. 

The point A is reflected in the mirror ; select two principal 
rays (fig. 120). 

1. The ray Ad parallel to the axis. This after reflection 
passes through /as dfa (§ 19). 

2. The ray Kce passing through the centre c. This is re- 

flected back through r. 
A The radius being the 
normal to the surface. 

These rays intersect 
in a. 

All rays from A will 
"^^ * intersect in a if the aper- 

^'^•"°- ture be small 

a is the image of A. Similarly h is the image of B. The 
image of all points between A and B will be between a and b. 
The image is inverted and less than the object 

The line A^^ is called the secondary axis of the point A. 
It must be remembered that we are only justified in using 
the above constructions when the distance he\& small com- 
pared with the radius of curvature. 

The position of the image has been determined by practical 
geometry. This determination will be correct if— 
(d) Light move in straight lines. 
ip) The laws of reflection be true. 

Every time therefore we succeed with experiments, we are 
strengthening our belief in these two statements. 

22. To Find the Radius of Curvature of a Concave 

Mirror. 

I. Hold the mirror so that the light from a distant object (the 
Bun) is reflected ; the rays are parallel and the image is at the focus ; 
measure the distance of the focus from the mirror ; twice this dis- 
tance equals the radius of curvature (§ 19). 
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2. Rays from a distant object are practically parallel. Tie two 
threads 20 feet long to the same nail ; stretch them, placing the 
other ends within 4 inches of each other. The threads diverge, 
but if all save a few inches be covered up, it is difficult to detect 
the divergence. 

The image of a distant object is practically at the focus. 
Therefore, remove a light as far away as possible from the 
mirror, focus it, or a distant house, on a screen, and measure. 

3. The image and object coincide, if the object be at the 
centre. If the object be a little to the right of the principal 
axis, the image will be a little to the left. 

Take a screen of white cardboard ; clamp it ; fix the mirror ; 
place the edge of the candle as close as possible to the screen, 
a little to one side of the principal axis. 

Only part of the spherical surface must be used, otherwise dis- 
tortion is produced. Cover, therefore, all the mirror save a small 
central portion with black paper. In obtaining an image, push the 
wick of the candle outside the cone of flame ; the image of the 
glowing wick can be obtained with considerable accuracy. 

Screen Mirror 





Candle Fig. x3i. 

Move the mirror until the image is obtained on the screen (fig. 
121); the distance from the screen to the mirror = the radius of 

curvature ir)} -- the focal distance. 

2 

Experiment with a mirror, and compare the results of the 
three methods. 

23. To Find the Relative Positions of the Image 

AND THE Object. 

Draw a long line on a table and divide it into inches. Place 
the mirror so that its apex is over o. Indicate on the scale the 
positions of the focus and the centre. 

» If « = z;, then L + '- - - ; /.? = ?; :,u =r. 

u u r u r 
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Place a candle, the height of the centre of the mirror, at the 
centre of curvature, and the screen as before. 

I. Gradually move the candle towards the focus ; the screen 
must be moved away from the centre (fig. 122). 

Screen Mirror 




Candle 

Fig. 122. 

An inverted image, that increases in size as the candle is 
moved towards the focus, is obtained. Use an ordinary magni- 
fying glass, and magnify the image on the screen. If the eye 
be so placed, that the image is between the eye and the mirror, 
the image can be seen when the screen is removed. Measure 
the distance of the object and the image from the mirror in a 
few cases. As the candle reaches the focus, the image cannot 
be received on the screen. 

2. Return to the positions at the centre of curvature. 

Screen 



) 



© 

Fig. 193. 

Move the candle away from the mirror ; an inverted dimi- 
nished image is obtained on the screen, between the focus and 
the centre. When the candle is at a great distance, the image 
is at the focus. Measure in a few cases. (Fig. 123.) 

3. Place the candle at the focus, and move it towards the 
mirror ; no image can be received on the screen ; an upright 
image is, however, seen in the mirror. 

Verify the statement, that the positions of the candle and the 
image are convertible. 

Example of Measurement& 

r§ 22, method i . . 7*9 inches 
Focal length of mirror^ „ „ 2 . . 8 „ 

V. » j> 3 • • " n 

Average focal length = 8 ins. 
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Distance of object 
from mirror = u 


I 

u 


Distance of 
image = v 


I 

V 

•10 

•08 


Value of 

U V f 


Value of 

/ 


40-5 

22*2 


•025 

•045 


10 
12-5 


•125 

'I25 


8 



Columns i and 3 are measurements. Columns 2 and 4 are 
calculations 

The values of- + - are calculated : thus -, is determined. 

u V f 

.•./=:8. This agrees with the value of/ obtained directly by 

the three methods. 

The formula i +i = ^ is also true for virtual images, if we 
u V f 

remember, that if from the mirror towards the centre be posi- 
tive, then the distance measured from the mirror, along the 
axis produced behind the mirror, will be negative. 
The formula with this change becomes 

u V J 

Examples. VI. 

1. The radius of a concave reflector is 20 inches ; calculate the focal 
length. How would you find the focal length by experiments? which 
method is the most accurate ? 

2. A gas flame is 36" from a concave reflector ; its image is clearly 
defined on a screen 50" from the reflector. Find the focal length and the 
radius of the mirror. 

3. In the following table fill in the vacant spaces : 



u 

30 

100 

20 


V 


/ 


50 
20 


10 
20 



4. The radius of curvature of a concave mirror is 12" : a bright object 
is placed 18" from the mirror ; find the position of the image. Where will 
the image be when the object is 5" from the mirror ? 
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24, Caustics — Spherical Aberration. 

If the surface be large, compared with the radius of curva- 
ture, the image Is distorted. This is seen by looking into a 
bright tea-spoon. The light from a luminous body, instead of 
producing a single image, produces several ; these together form 
a caustic. The caustic is well seen by allowing the sunlight to 
fall on the side of a basin, nearly filled with miik ; the caustic 
is seen on the surface of the milk ; or by allowing the rays to 
fall on a strip of bright steel (a clock spring) bent, and placed 
on white paper. 

Every ray from a point L (fig. 134), instead of passing 
through the conjugate focus, cuts the nest ray above the 



focus ; these intersections form the curve F M, above and below 
the axis. If the figure revolve on F L as an axis, the curve F M 
will describe the caustic surface. The caustic surface is in 
form, like the outside of a convolvulus. 

To obviate spherical aberration, the aperture of the 
mirror must be small ; if large, the outside margin should be 
covered with black paper. Such a covering is called a dia- 
phragm, or a stop. 

25. Real and Virtual Images. 

When the ra^ of light actually pass through an image, so 
that the image can be received on a screen, and be examined by 
the eye or by a magnifying glass, the image is called a real image. 

When the rays do not pass through the image, but only the . 
continuations of the lines of their directions— that is, when the 
image has no real existence (it cannot be received on a screen) 
— the image is called a virtual image. 
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26. To Obtain, by Construction, the Positions of 
Images formed by Mirrors. 

(a) See § 21, where the construction is explained, when 
the object is beyond the centre. The image is real, inverted, 
smaller than the object. By similar construction, viz. — 

1. Draw from any point a ray parallel to the axis. This 
ray, after reflection, either passes through the (real) focus or 
appears to pass through the (virtual) focus. 

2. Draw from the point a ray through the centre. This 
ray, after reflection, again passes through the centre. 

3. Draw from the point a ray through the focus. This 
ray, after reflection, is 
parallel to the principal y) 
axis. 

The intersection of 
two of these reflected 
rays, gives the position 
of the image. 

ip) Object between the , ^'''- "s. 

centre and the focus, — The image ab \% real, inverted, larger 
than the object AB, and beyond the centre (i and 3 used, 

fig- "5). 

(c) Object between the focus and the mirror, — The image a b^ is 
erect, virtual, and larger 
than the object A B (i 
and 2 used, flg. 126). 

The rays appear to 
come from a, b. In 
the other cases, the rays 
actually passed through 
ay b, and the image was 
received on a screen ; or 
by placing the eye about 
10 inches away, so that the image was between the eye and 
the mirror, on removing the screen the image could be seen 
with the eye. 



r->. 



fiw^' 




Fig. Z26. 



202 



Light 



27. Size of Object and Image. 
Half of the image and object are shown (fig. 127). 




Fig. 127. 

AB \ab\\^Q, :bC 

The size of the image is to the size of the object, as their 
distances from the centre. 

ButBC:^C::BM: ^M 

And if the aperture be small, BM:^M::BO:^0 

/. AB:a^::BO:^0 

The size of the image is to the size of the object as their 
distances from the mirror. 

28. Arrangement of Results. 

Combine the results of the last experiments. Suppose the 
object is at a great distance, and that it moves towards the mirror. 



Position of 


The image is 






Invert- 


Smaller or 


P^al f\r 


Increasing in 


Object 


Image 


ed or 


larger than 


virtual 


size or de- 






erect 


the object 




creasmg 


I. Great distance Focus 




A point 


^^^^ 


• 


2. Approaches 


Approaches 


• 

t 


Smaller 


r 


• 


centre, moves 


centre, moves 










to right 


to left 










3. At centre 


Centre 


• 


Equal 


r 


• 


4. Approaches 


Moves rapidly 


m 

t 


Larger 


r 


Increasing 


focus, moves 


to left 








rapidly 


to right 












5. Focus 


At a very great 
distance 


9 

t 


Much 
larger 


r 


• 


6. Approaches 


Seen behind 


e 


Larger 


V 


d 


mirror, mov- 


the mirror 










ing to right 
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29. Convex Mirrors. 

Blacken the inside of a watch glass, and use it as a coavex 
mirror. 

In no position can an image be obtained on a screen. 
The image can be seen * in ' the mirror. The image is in all 
cases virtual, upright, and smaller than the object 

The focus is virtual ; parallel rays appear^ after reflection, to 
come from a point behind the mirror. 

The focal distance is equal to half the radius of curvature. 



To Find the Position of the Image. 

The ray A e from A (fig. 1 28^, parallel to the axis, appears after 
reflection to come from/; the ray from A towards the centre 



Srrr::: 




Fig. za8. 

will be reflected along the radius and appear to come from c \ 
the lines cA^fe intersect in a ; a is the image of A, similarly 
b is the image of B. The points between A and B have their 
images between a and b. 

The image is always formed behind the mirror ; it is erect, 
virtual, and smaller than the object (fig. 129). 

Distortion is produced in convex, as in concave mirrors, if 
the aperture be too great ; the distortion is easily observed by 
looking at the back of a bright spoon. 
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The formula connecdng the distances of the object (iv), the 
virtual image {jf\ and the virtual focus (/) from the minor is 



u V 



I 

7 




Fig. isq. 



Examples. VII. 

1. If the object in Example VI. No. 3 in each case be 6 inches long, 
calculate the length of the image. 

2. Explain, and illustrate by a figure, the path of a beam of light firom 
any source, which is reflected by a concave spherical mirror. 

3. If you look at yourself in a convex spherical minor you see an upright 
image. Under what circumstances can you see an upright image of your- 
self in a concave spherical mirror ? What difference is there in respect to 
fize between the images seen in the two mirrors ? 

4. A concave spherical mirror is so placed, that a candle flame is situated 
on its principal axis, and at a distance of 18 inches from its surface. An 
inverted image, three times as long as the candle flame itself, is seen sharply 
defined on the wall. What is the focal length of the mirror ? 

5. Explain, giving a drawing, how it is you see yourself as you do in a 
polished metal ball. 

6. Draw accurately the paths of four rays, two proceeding from each 
end of an object 2 inches high, placed symmetrically on the axis of a con- 
cave mirror of 4 inches focus at a distance of 6 inches from it ; and then 
obtain the height and position of the image. 
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CHAPTER IV. 



REFRACTION OF LIGHT, 



30. Refraction. 

Remove one side from a square tin box, or any water-tight box, 
and insert a glass side ; fasten with marine glue ; allow the glue 
to harden. 

Place the box (fig. 130, A), so that the light from the candle 
or lamp, striking over one edge, illuminates the opposite side. 
Fill the box with water j part of the bottom is now illuminated 
(B). The rays of light have changed tbeir direction in pass- 
ing from air to water ; in both media the light is propagated in 
straight lines. The ray that enters the water is refracted. 




Fig. 130. 



Meaning of Terms. 

The ray L A (fig. 131) is called the incident ray, A K is the 
refracted ray, A B is the normal at the point A. The angle 
B A L is the angle of incidence, as before \ the angle G A K 
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is the angle of refraction. In passing from air to water, the 
angle of incidence is greater than the angle of refractioa 

31. Index of Refraction. 
The taws of refraction, are easily demonstrated by the aid 
of the following piece of apparatus. This useful refraction 
trough is described in ' Light ' by Mr. Lewis Wright. 

A rectangular trough 16" x 1 1" x 2" ; one end glass, the rest tin. One 
face has a circle 5" radius cut out of the lin, its centre being itf' from the 
bottom ; in its place glass is substituted. A movable strip of tin 18" x z", 
in which are cut % slits ij" x ^" at diilance of i" and 9" from one end. 
Blacken the tank and the 
strip. Faint on the circle the 
vertical and horizontal dia- 
meters ; divide each quadrant 
into 9 equal parts (fig. 132). 
Reflect a beam from 
the mirror M, so thai it 
passes through the slit in 
the strip of tin and e 



then 



It the o 



eof 



the circle. The path of 

the rays in air is made 

visible by a little smoke, 

and in the water by adding 

a few drops of milk. For 

Fig. 131. large angles, place the 

strip along the glass end. 

Fill the trough with water to the horiiontal diameter. Use 

sunlight or a parallel beam from the lantern. 

The ray is bent at the surface of the water. Measure the 
angles of incidence and refraction, in a few cases. 



Angk of incidence 


EN 


EF j Angle of teftaction 


BN 
EF 


60 

SO 
40 




3-! 1 40 
'9 ' 35 
2-4 1 29 


■■34 
■'33 
1-33 
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No simple law seems to connect the two angles. Repeat 
the experiment, measuring the line B N, E F in inches and 
tenths of an inch in each experiment, and calculate the ratio 

— -- in each case. 
E F 

The results to two places of decimals are in the last 

column. The agreement in the results is very striking. 

Making allowance for errors of experiment, we can say that 

B N 

_--j^ is a constant, whatever the angle of incidence may be. 

E F 

BN-hE F = ?^ ^ J-J, because CB = C E 

BN 

— — is called the sine of the angle BCD 
C B 

C^E " " " 

BN 



. BN _ C B _ sine of the angle of incidence 
" E F E F „ „ refraction 

CE 

Our experiments tell us, that in the case of light passing from 
air to water 

sine of the angle of incidence . , . 
i ^^^^^ = 1-33, or nearly f 
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This number is called the Index of Refraction. In a 
similar manner, the index of refraction has been found for 
various media. 



From air to water, the index of refraction = % 

» glass „ „ =3 

„ carbon disulphide „ „ ss |j. 

,, diamond „ „ = |^ 



These numbers are approximate, and will vary somewhat 
with different specimens. 

Not only was the refracted ray seen, but part of the light 
was reflected 2X the surface, according to the laws of reflection. 
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The incident ray = the reflected ray -f the refracted ray. In 
examining this effect, cause the incident ray to make various 
angles with the normal ; as the incident angle increases, the 
amount of light reflected increases. 

The Laws of Refraction (compare Reflection). 

1. The incident ray, the refracted ray, and the normal are 
in the same plane. 

2. The number obtained by dividing the sine of the angle 
of incidence, by the sine of the angle of refraction, is the same 
for the same media. This number is called the index of 
refraction. 

32. To DRAW THE INCIDENT AND REFRACTED RaY. 

In passing from air to glass, the index of refraction is f . Draw 
the incident and refracted ray, when the incident ray makes an 
angle of 60° with the normal (fig. 133). 

Describe a circle. Make the angle TCI equal to 60°. Draw 

I T perpendicular to the normal. 
Divide I T into three equal parts. 
Make T S equal to two of the parts, 
draw S R parallel to the vertical 
diameter, join C R, draw R / parallel 
to the horizontal diameter. 

I C is the incident, and C R is the 
refracted ray 

33. Some Results of Refraction. 
A pond always appears shallower 
than it really is. Rays from L diverge 
(fig. 134), and after refraction reach 
the eye as the rays A C, B D. These appear to come from L'; 
that is, a point L, the bottom of a pond, or a fish, appears to 
be raised. 

For the same reason, a stick partly under water, appears to 
be bent; the tip of the stick and every part under water appear 
raised (fig. 135). The ray is refracted as before. 

Place a coin in an empty basin ; move the basin so that you 




Fig. 133. 
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: to see the coin ; pour water in, and the coin 




becomes visible. The student can write out the explanation 
as an exercise. 

The atmosphere is less dense as we ascend ; we can suppose 
it to be made up of layers. The 
light from the sun or a star, instead 
of .coming in straight lines, is re- 
fracted at every layer. Thus the 
light from S (fig. 136), reaches the , 
eye as if it came from S'; that is, 
a star appears higher in the heavens 
than its real position. The sun is 
seen before it is above the horizon, 
and afler it sets,forthe same reason. 

The reasons for these results will readily appear from the 
following considerations. Let L (fig. 137) be a source of light, 
and L P a ray that is perpendicular to the surface ; then L F 
will emerge without refraction. Let LO be a ray that is nearly 
perpendicular to the surface of the water, or that makes a small 
angle with the normal C O D at O. Following the construction 
of the last section (the construction lines are dotted), we find 
that the ray LO is refracted and emerges into air in the 
direction O M ; that is, the focus of L appears to be L', L' is 
practically above L, and is on the line LP. 
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Sine L O E . , c ^ - . 

SineMOF"^^ refraction from water to air = | ; 

sine L O E 
' sineUOG"^*' 



• • 



LE 
LO L'O 



= * 



UG'LO"*' 

L'O 
if L O C be small^ L'O and L O are approximately equal to 
L'Pand LP; 

UP 



LP 



=*, 



The smaller the angle of incidence the more nearly this 




approximation is true. In looking down upon the surface of 
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water at an object L vertically beneath (fig. 138), the rays L A, 
L B are refracted as A C, B D and enter the eye, and the focus 
of L is L'. The angle 
of incidence of the ex- 
treme ray is very small, 
and therefore we have 

LP 

jTp = index of refrac- 
tion from air to water. 

This reasoning will 
apply to any two media, 
and we conclude gener- 
ally that the ratio of the 
distances from a plane 
refracting surface of an 
object, and of its image 
formed by refraction at 
the surface, is constant 
and depends only on 

the nature of the two - 

media on each side of ^ 

the surface ; this ratio ^'°* '^^' 

is the index of refraction between the medium on the other 
side of the surface and the medium in which the object is 
placed. 

If we look at an object in water, it will appear nearer the 
surface by a distance that is one-fourth of its depth. An 
experimental demonstration of the above will be given in. 

§ 44- 




34- Total Reflection — The Critical Angle. 

Not only will light pass from air to water, but also from 
water to air, and we should expect the beam, after leaving the 
water, to be bent /r^»i the normal. 

Arrange the apparatus of § 31. Place the strip against the end- 
made of glass (fig. 132), so that light may enter through a slit in the 
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Fig. 139. 



Strip at the lowest possible point, and pass through the water to the 
centre of the circle. Use the reflector M near the base of the 
trough. The rays will be seen leaving the surface of the water, 
making a larger angle with the normal than the incident ray, and 

part of the ray will be reflected from 
the surface of the water. Let L A, 
AR {^g. 139) represent the path of 
such rays from water to air. 

Make the angle with the 

normal greater ; the ray emerges 

and takes a position nearer and 

nearer to the surface of the water ; 

a certain angle is reached when 

the ray, after leaving the water, 

passes along the surface A M. 

This angle is called the critical 

ANGLE. When the ray makes with the normal, an angle greater 

than the critical angle, the ray does not emerge; it is totally re- 

^ctedy as lA^ Ar, 

In passing from water to air, the ray is bent away from the 

normal ; when the incident ray in the water makes an angle 

greater than 48 J**, the ray is totally reflected. 

When a ray passes from a denser medium to a nu-er, the 

angle with the normal, at which the ray emerges parallel to 

the surface, is called the critical angle. If we trace the 

ray from air to water, by the laws of refraction, we have 

sine of a right angle . , r n^ -.• o- r • 1 

-: jr-r — ~j — . ° , = mdex of refractioa Sme of a nght 

sme of the cntical angle ^ 

angle = i. /. sine of the critical angle = i -f- index of refrac- 
tion ; that is, the sine of the critical angle is the reciprocal of 
the index of refraction. 

The critical angle from water to air is 48^°. 

glass „ 40° 

diamond „ 20^ 
Trace by construction rays from air to water when the 
incident ray makes 60° and 80°, with the normal ; also from 
water to air, when the incident ray makes 30° 40°, 50°, 60°, 
70°, and 80° with the normal 
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35. Examples of Total Reflection, 

Place a coin in a glass of water ; raise the glass, and look 
at the under surface of the water ; the surface of the water 
looks like silver ; all the li^t is reflected and the coin can be 
distinctly seen by reflection (fig. 140). 




Suppose A to be a tish in water. All objects on shore will 
be seen in a cone, of which D K is the diameter, and A the 
apex ; they will all appear raised. Beyond this circle, bodies in 
the pond will be seen by total reflection ; C is seen as if at C. 

The Mirage. — In hot countries, the layer of air nearest 
the earth is heated most ; it is thus less dense. 



Light from A (fig, 141) is refracted from the normal ; the 
refraction is increased as it passes to diflerent layers ; at it 
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is totally reflected, having reached the critical angle ; it is 
then refracted in the various layers. The traveller sees the 
tree in the direction the light last reaches his eye ; it appears 
at A'. 

The quivering of objects seen over coke ovens and iron- 
works is due to unequal refraction. 

Examples. Vlll. 

1. Explain cleaily what you mean by the statement that the refractive 
index of water is i ■333. Hov/ do you account for the appeaiance presented 
1:^ a stick held in an oblique position, partly immersed in water, to a person 
lookbg al it sideways ! 

2. If you hold a glass of water with a spoon in it, alitlle above the level 
of the eye, and look upwards at the under surface of the water, you will 
find that you are unable to see that part of the spoon above the water. 
Explain this. 

3. Usir^ the indices of refraction in § 31, find by construction and 
It the critical angle in each case. 

. Explain why a fish seen in a pond, or in an aquarium (ank, appears 
'. nearer the observer than it really is. Draw a picture to illustrate your 



36. Refraction through 4 Thick Plate. 

t. Hold a piece of thick glass obliquely, 

and look at an object, such as a post or 
window, so that part is seen through the 
glass, and part by direct vision. The 
object seems broken at the edge of the 
glass. 

Let ab be a ray of light incident on 
athick glass platejrat*(fig. i42);the 
ray is refracted to c, and, again, on 
leaving the glass in the direction cd-,cd 
is parallel to a^ ; the ray has moved to 
the left ; an observer sees a, in the 
direction dc, if the ray pass through 
'"' '*"■ the plate, whereas if the plate be absen* 

. it in the direction ba. 
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The definition of the index of refraction in § 33 leads to 
an easy geometrical construction for the path of a ray through 
a transparent plate* 

Let A B C D be a plate of glass, say ; O an illuminated 
object at a distance 0E = /^ from the glass; OEG a ray 




perpendicular to the surface BD, a ray that therefore will 

not be refiracted 

Let O P be a ray that is nearly perpendicular to B C ; the 

ray O P will be refracted at the surface B D, and its focus will 

/ FE ^ 

be F'. ( Q-^ = index of refraction from air to glass =-fi=f ) \ 

therefore the path of the ray in the glass will be P Q, a con- 
tinuation of the straight line F'P, 

FE=fOE = /Li«. 

At the surface A C we can consider P as the origin, and 
determine the focus of F. If F be the focus, it is deter- 
mined by 

GF 

P^ = index of refraction from air to glass = /* ; 

GF=GE+EF'. 

OrifGE=/; since EF = fEO, 

GF=/+fEO = /+/!«, 
^ ^ G F' / , fi« , / 
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The position of F is best determined from ; 
OF-OG-GF 

= ,+OE-(«+i) 

-('+»)- (»+^) 

It. K f- J 
In the case of a ray passing through a glass plate, this is 

We have therefore deduced the following construction : — 
(i) Draw the perpendicular ray O E. 

(2) Join O P ; £ P must be small compared with £. 

(3) Make E F = |0 E = O E+iO E ; join F P and produce 
to Q. 

(4) Make O F = ^ the thickness of the plate ; join F Q and 
produce. 

The interposition of a plate of glass between the eye and 
an object will be to apparendy bring the object nearer to the 
eye by a distance that is } the thickness of the plate. 

Multiple Images are Formed bv Refraction and 
Reflection, bv Mirrors made of Glass. 

The ray from A (fig. 144) meets the glass at i, is reflected, 
and the eye sees the image at a. Part of 
the ray enters the glass, is refracted to c, 
the metallic surface ; it is there reQected to 
d; at d it is refracted to H ; the eye sees the 
image (the brightest image) at (J^ ; the ray 
cd is further reflected at d, and produces 
other images less distinct 

These multiple images can be seen by 
Fic 144. placing a candle close to a mirror. 
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Incident Light= Reflected Light (Regular and Irre- 
gular) + Transmitted Light + Absorbed Light. 

A ray of light, A B, meets a transparent body such as glass ; 
the incident ray divides into the refracted ray B D, and a re- 
flected ray B C j the 

ray BD is partly re- ^^^.'''' 

fleeted as D by and 
partly refracted as D F; 
this is repeated. The 
emergent rays D F, df 
together with the re- 
flected rays B C, ^^, do 
not, however, make up 
the whole of the inci- ^^F / 

dent ray A B. Part of ^«^- '«• 

the light is absorbed by the glass, and part is lost by irregular 
reflection. 

Original amount of light=reflected light (BC, ^^ . . .) 

+ transmitted light (DF, df . . .)+ absorbed light 

In polished reflectors, unless the metals are very thin, no 
part is transmitted, very little is absorbed. They are in the 
latter respect superior to silvered glass. 

37. Illustrations. 

As the angle of incidence increases, we have seen that the 
reflecting power of water increases, while the refracting power 
decreases. 

When glass is pounded into small particles it appears white, 
like salt ; the light is reflected from the various pieces in all 
directions ; thus an amount of crushed glass, which is illumi- 
nated by a spot of sunlight coming through a hole in the shutter, 
is seen in all parts of the room (a perfectly polished piece of 
glass would only be seen at one point)^ but the light is so broken 
up by repeated reflections, that it is unable to pierce beyond a 
very small depth, and if the layer be at all thick no light is 
transmitted. 
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This can be easily understood. A ray after passing through 
a plate of glass is enfeebled; part has been reflected, part ab- 
sorbed. If the same thickness be divided into thin plates with 
air between them, we increase the surfaces where reflection 
takes places therefore less is transmitted; by increasing the 
number of plates, the glass can be made opaque, but more 
light will be reflected. When glass is pounded this takes 
place ; of course the particles are not in parallel plates. 

If we run in between the plates, a mixture that has the same 
refractive index as glass, then the various plates act like one 
piece of thick glass, the reflecting power is diminished, and 
light can be transmitted. 

This explains why paper becomes transparent, when oil is 
added to it. Clouds appear black when the light has undergone 
reflection, and therefore but little light has been transmitted. 

Examples. IX. 

1. You have a piece of thick plate glass, through which you look at a 
vertical pole (say, a telegraph pole). The glass being held so that part of 
the pole is seen directly, and part through the glass, describe and explain 
the change in the apparent position of the part of the pole which is seen 
through the glass, when the latter is turned about a vertical axis. 

2. A thick plate of glass is interposed obliquely between a candle and 
the observer's eye. Will the apparent position of the candle be altered by 
the glass ? Draw a picture illustrating your answer. 

3. An object is seen by looking through a thick plate of glass with 
parallel surfaces ; how will the position and character of its image be 
altered by turning the glass obliquely ? Illustrate the effect by a figure. 

4. Explain the images of a candle that are seen when a thick glass 
mirror is used ; would they be seen in a polished silver reflector 7 

5. Account for the translucency of paper which has been soaked in oil. 

6. A piece of colourless mineral is dropped into a colourless liquid ; the 
mineral b invisible in the liquid. How are the refractive indices of the 
liquid and the mineral related ? 

7. Explain how the appearance of a stick partially immersed obliquely 
in water agrees with the law of refraction. 

8. Explain the quivering appearance seen above hot bricks or rocks, 
and the streaky appearance of water in which ice or sugar is being dissolved. 



CHAPTER V. 
prisms and lenses. 

38. Refraction through a Prism. 

Take one of the prisms and observe any object through it. 
The most striking thing is the colour introduced. Disregarding 
the colour, observe the position of the image. 

Holding the prism in the position of fig. 146, the candle 
seems tilted towards the apex of the triangle. The ray from 
the object if is refracted at the edge fl^, and again at a f, ac- 
cording to the laws of refraction ; the eye sees the image at I. 



■h-^ 

^r' 



ab, ac, represent the refracting surfaces of the prism. 
The line where these surfaces meet (seen in elevation as a), is 
the refracting edge. The angle* a c is the refracting angle. The 
angle do I — that is, the angle between the incident izyde, and the 
refracted ray kh produced— is called the ancle of deviation. 

Make a small hole in ttie centre of a sheet of blackened card- 
board, riace a candle in front of the cardboard, the wick being 



220 Light 

the same height from the ground as the hole. Receive the spot of 
light (a) on a screen (fig- I47)' Behind the hole place a prism with 
the refracting edge 
horizontal and parallel 
to the screen. The 
spot of light is moved 
{b\ and by joining 
these two positions 
with the hole, the angle 
of deviation is practi- 
cally found. 

Move the prism 

on the refracting edge 

as an axis ; a posi- 

FiG. 1,7. tion will be found in 

which the angle of 

deviation is the smallest possible. This is called the argle of 

minimum deviation for the prism. It takes place when the 

refracted ray is parallel to the base of the prism, or when 

the angle of incidence (angle il^<') = the angle of emergence, 

the angle deb (fig. 146). 

Draw a prism with a refracting angle of 40°, 50°, or 60°. Trace 
by construction a ray through the prism, allowing the ray to meet 
the surface at different angles. 

It will be found (hat the deviation is on the whole towards 
the base of the prism. The construction will also show, that 
as the angle of the prism increases the deviation increases. 
Verify by experiments. 

The path of a ray through a prism can be readily con- 
structed by utilising the results in § 36, remembering, of course, 
the limitations. 

Let O P be the direction of the ray (fig. 148). Draw M 
perpendicular to the refracting surface AM, and make MI' 
equal to f O M ; F' is the focus of O. Draw the straight line 
FPQ; PQ is the path of the ray in the prism. Draw FN 
perpendicular to the refracting surface AQ, and make FN 
= 3F'N; Kwill be the focus of F. Join FQ and produce 
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to R. Q R is the direction of the ray after passing through 
the prism. 

N 




Fig. 148. 

The most useful case is that of minimum deviation. P Q 
is then parallel to the base of the prism. 

Let O be the origin of light. Draw O M perpendicular to 
the face; make OF=iOM; draw FPQ parallel to the 




Fig. 149. • 

base oif the prism; make the angle LQR = angle MPO- 
Then O P Q R is the path of the ray. Produce R Q to F ; 
then, if the prism be thin — that is, if the angle at A be small 
and refraction takes place near the apex — ^the position of F, 
the conjugate focus of O, will be found by drawing O F per- 
pendicular to F' P and meeting R Q. 

Fill the divisions of the divided glass cell with different liquids : 
{a) water, {b) turpentine, {c) alcohol, (</) carbon disulphide. Send a 
beam from a horizontal slit through the four divisions. 

The refraction is least in the water cell^ and greatest in the 
carbon disulphide cell, the others being intermediate; therefore 
the deviation depends also upon the refracting medium. 

Use a glass prism, whose angle is a right angle or greater 
than a right angle; in no position is the beam able to get 
through. 
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In fig. 150 the angle h en \^ greater than the critical 

angle of glass ; the beam bc\s theiefoie totally reflected at e 

as ed, and does not 

emei^e at the face 

AC. 

The angle of tfK 
prism, must not be 
greater than twice the 
critical angle of the 
substance, if a ray is 
to emerge. 

The critical angle 
for glass is 42°; the 
refracting angle of a 
glass prism must not 
exceed 84°. 




The Index of Refraction. 

When a solid is made into a prism, its index of refraction 
can be found, by measuring the angle of the prism (a), and 
the angle of minimum deviation (d). 

The index of refraction = sinei(a + <0 _ 
sme ^a 

The index of refraction of liquids, can be found by enclosing 
them in prisms, whose refracting surfaces are glass plates with 
parallel surfaces. The parallel glass plates will not affect the 
deviation (§ 36), which will depend on the liquid alone. 



39. The Right-angled Prism as a Reflector. 

A ray from a luminous point 
O, enters the face C B of the 

isosceles right-angled prism per- 
pendicularly in the suT&ce (fig, 
151); it is therefore not refractal 
at that surface ; it meets the sur- 
face A B at H, making an angle 
'"' of 45° with the normal at H ; it 
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is therefore totally reflected, and emerges as the ray H I. An 
eye sees the image at O'. 

A £ forms an excellent reflecting surface, and has the 
advantage over a metal reflector in that it does not tarnish. 
Use the right-angled prism as a reflector. 

Examples. X. 

1. Trace the path of a beam of parallel rays of light which enters a right- 
angled glass prism, in a direction perpendicular to one of its three faces. 

2. Show how the hypotenuse face of a right-angled prism may be used 
AS a reflector. Explain the connection between the refractive index of a 
medium and the angle at which a ray is totally reflected. 

3. A ray of light is incident perpendicularly upon one of the two faces 
of a right-angled isosceles prism which bound the right angle. Draw a 
picture showing the subsequent path of the ray, and explain your con- 
struction. 

4. The angles of a glass prism are 90^, 70^, and 20^, and a ray of light 
enters the prism normally at the face bounded by the angles 90^ and 70°. 
If the critical angle for glass be 41°, determine (by construction) alter how 
many internal reflections the ray will emerge. 

40. A Lens Acts like a Number of Prisms. 

Suppose we have a number of small prisms, and we place the 
prism b with the largest angle, so that a spot of light a is re- 
fracted to c. Join a c. Then evidently if a prism ^, exactly like 
^, be placed as in the figure, it also will refract the light to c. 




Fig. 152. 

By using d and g with smaller angles (less deviation) we can 
by trial find positions, so that they also refract to c. Similarly 
e and/; finally between e and /we might place a plate of glass 
with parallel sides. Thus a number of rays from a can be made 
to converge to c. 

The deviation does not depend upon the distance apart of 
the refracting surfaces, but upon the inclination of the surfaces. 
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B (fig. 153) will have exactly the same effect as A, if the 
surfaces of a^b^c^ , , , in B, be inclined at the same angle as 

the surfaces of a^b^c^ . . , in A. 
^ B C 

41. Nature of a Lens. 



e 





Fig. 153. 



If we had a very large num- 
ber of such prisms fitted together 
as in B, the joinings would ap- 
pear smooth and a prism whose 
section is C would be formed. 

We have simply taken the 
rays in the plane of the paper, 
but the rays and prisms would be 
in all directions. C is merely a 
section. 

A body like C, when made of 
a refracting substance, is called a 
LENS, and it may be considered as being made up of a large 
number of prisms. 

It is found that lenses whose surfaces are parts of the surface 
of a sphere, if the suffaces be small compared with the whole 
surface of the sphere, act like the prisms in fig. 152. 






Fig. 154- 

The names given to lenses are (fig. 154) : — 
(M) Double convex — both surfaces convex. 
(N) Plano-convex — one surface convex, one plane. 
(O) Concavo-convex converging — one surface convex, one 
concave. 

(P) Double concave — both surfaces concave. 
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(Q) Plano-concave— one concave, one plane. 
(R) Convexo-concave diverging — one concave, one convex. 
O and R are also called meniscus lenses. 

The first three are "thickest at the middle, and are called 
converging lenses — that is, rays of light, after being refracted, 
converge. The last three are thinnest in the middle, and are 
diverging lenses \ rays of light, after passing through them, 
diverge. 



42. Surfaces of Lenses are usually Parts of 
Spheres of Equal Radii. 

Fig. 155 shows how a double convex lens is formed ; the 
student should construct figures for the other five lenses. 




Fig. 155. 

The line YX passing through the centres, is called the 
principal axis, en, Cm will be as before the normals at nm. 
C, c are the centres of curvature. O is the optical centre. 

As in mirrors, the point where parallel rays come to a focus, 
is called the principal focus. 

Use the lenses : hold them so that the sunlight (parallel 
rays) falls upon them; find the focus on a piece of metal; 
measure the distance from the lens to the focus. This is the 
focal distance. 

With M, N, O a focus is found. Converging lenses. 
„ P, Q, R no focus „ Diverging lenses. 

Use also the light of a distant flame (the rays are practically 
parallel), and measure the focal length. 
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Conversely, if a luminous point be placed at the principal 
focus, the rays of light, after passing through the lens, should 
be parallel 

Verify this by fixing the lens on a stand, placing a screen with 
a small hole at its focal distance ; behind this place a lamp, on the 
other side of the screen ; catch the rays of light on another screen 
at any distance. The surface illuminated should be the same size 
in any position. 

This explains the method of obtaining a parallel beam 
from diverging rays. A converging lens is placed, so that the 
source of light is at its focus. 

Protect the side of lens nearest to the lamp with a diaphragm^ 
so that only a small portion of the sur&ce is used 



43. To Find the Relation BET¥rEEN the Distances of 
THE Image and the Object from a Lens. 

Arrange the candle or gas at various distances from the lens ; 
obtain on the screen the image. Measure the distances of 
image and object from the lens (fig. 156). 

Place the eye so that the image on the screen is between 



A 
f 






Fig. X56. 



the eye and the lens, and is about 10 inches away. Remove 
the screen ; the image can still be seen. Take another convex 
lens and magnify the image on the screen. Move away the 
screen ; the image can still be magnified. The image is rtoL 
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Example. 
A double convex lens, focal length 1 1\ inches (found as in § 42). 



Distance from lens 


Value of 

U V / 


of /calculated 


of object 
ft 


(a) 
u 


.C3) 

V 


(4) 

I 

V 


21*5 
20 

IS 


•046 
•050 

•067 


24 
26 

45 


'042 

•038 

•022 


•088 
•088 

x)89 


ii'3 



Columns i and 3 are measurements ; 2 and 4 are calculated from I 
and 3 ; 5 is calculated from 2 and 4 ; 6 is calculated from 5. 

We conclude that in a double convex lens (and by a similar 
method it can be shown to be true for all converging lenses) — 

The sum of the reciprocal of the distances of the object, 
and the reciprocal of the distance of the image, from the lens, 
is equal to the reciprocal of the focal length. 

This is true for all converging lenses, and we can thus use 
it to find the focal length of a lens. The positions of the image 
and the object are convertible ; when the object is a luminous 
pomt, these positions are called the conjugate foci of the lens. 

u V f 

ltu=iv then >=-. .•./=- = — - — 

/ u 2 4 

.% to find the focal distance of a lens, arrange so that the 
image and the object, are both the same distance from the 
lens. The fourth of the distance between the image and the 
object is the focal length. 

Note. — In using a candle there is a little difficulty in determining 
when the best image is obtained. The lens should be covered on one 
side with black paper, so as to leave only a smaU aperture, otherwise the 
image will be coloured and distorted. Just before deciding the position of 
the image, push the wick out of the flame ; the image of the glowing 
wick can be obtained with great distinctness. 
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44. To Obtain the Position of the Image by 
, Construction — Convex Lenses. 

The following experimental results are used : — 

a, Rays parallel to the axis, after refraction pass through 
the focus (§ 42). 

b. Rays that pass through the optical centre do not undergo 
refraction. In fig. 153 the part ^/ is a glass plate with parallel 
sides; a ray in passing through such a plate is slightly re- 
fracted (see fig. 142); its direction is parallel to the original 
direction. If the lens be not very thick, and the rays be nearly 
perpendicular to the surfsice, we can n^lect this small dis- 
placement 

I. The object is twice the focal distana from the lens (fig. 157). 




The ray hd by {a) passes through focus f the ray A e 
by {b) is not refracted ; these rays meet in a. a is the image 
of A. Similarly b is the image of B. If the sur&ce of the 
lens, be small compared with the surface of the sphere, all rays 
from A and B will pass through a and b. 

The image is real, inverted, and is the same size as the 
object 




Fig. Z58. 

2. The object is at a greater distance than tunce the focal 
distance (fig. 158). 

Use the same construction. The image is real^ inverted 
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and smaller than the object ; it is moving towards the focus, 
and is diminishing in size. 

3. The object is at a distance less than twice the focal dis 

tance (fig. 159). 

• o 




Fig. 159. 

The image is real, inverted, at a greater distance away ; it 
is increasing in size. 

4. The object is between the focus and the lens (fig 160). 



a 



•-». 



'-*.. A 



e 




Fig. x6o. 



The image is virtual, erect, and greater than the object. 
The image being virtual the formula of § 43 becomes 



u V / 
Compare the formulae for convex lenses with those for con- 



cave mirrors. 



Concave Lenses. 



These may be considered to be composed of prisms, whose 
refracting edges are turned towards the centre of the lens. 

Light, then, is refracted from the axis of the lens; diverging 
rays will be the result. 

With a concave lens no real image can be obtained. 
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The formation of the image by construction, is the same as 
with the convex lens. 

The ray A ^, parallel to the axis, is refracted, and appears to 
come from the virtual focus/ 

The ray Ke through the centre, continues in the direc- 
tion Af. Both appear to come from a, 

a is the image of 
'd A ; similarly b is the 

image of B. 

The image is al- 
ways virtual and erect 
The formula con- 

FiG. x6i. . 1 *. . - 

nectmg the distance of 
the image, the object, and the focus in concave lenses from the 

centre of the lens, can be deduced from - + - =±i byremem- 

u V f 

bering that in a concave lens, the focus and the image are both 

virtual. 

The formula becomes i— i = — 4- Compare it with the 

u V f ^ ^ 

formula for a convex mirror. 

The concave lens can be utilized to measure distances when 
its focal length is accurately determined. An interesting ap- 
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Fig. 163. 



plication of this is found in demonstrating the relation shown 
in § 33. 

Suppose the focal length of the lens is 6 inches; it is con- 
venient to place the object 12 inches from the lens, and 
obtain the image on the screen also 12 inches away. 
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Let A be a screen of clear glass 12 inches from the lens L. 
Place a small spot O on A on the side nearest L ; illuminate 
the spot, and adjust so that a clear image is obtained on S. 
Now place a slab of glass A C B E against A B, so that the two 
are in contact ; the image will be found to be no longer clear, 
and S must be moved from the lens before a clear image can 
be obtained. Suppose the thickness of C D is three inches ; 
then it will be found that S must be 13*2 inches frbm L— that 
is, the rays from the object appear to come from a point O' at 
a distance ^, determined from 

11 I _ I '2 

u' 6 I3*2~i3'2' 

/. 1^' = 1 1 inches. 

The effect of the slab has been to make the focus O' nearer to 
L by a distance of i inch — that is, \ the thickness of the slab. 
By introducing slabs of various thicknesses, it will be found 

that the ratio ^tf. in all is independent of thickness, and is 

equal to /i. 

Instead of the slabs, substitute glass cells with thin glass 
fronts. Fix upon any convenient mark, and measure its distance 
from the lens and adjust when the cell is empty ; then fill with 

water and again measure. It will be found that Pyj^= index 

of refraction from air to water = J. The glass front D will 
have an effect, but it will be small compared with the water, 
and can be neglected. 

By fixing the lens so that its plane is horizontal, and send^ 
ing the beam of light vertically, the principle can be demon- 
strated for water without the interposition of glass. 

The image of a small object that can be brightly illuminated, 
(a piece of wire gauze or a scratch on the glass) at the bottom 
of a glass jar, is obtained, as in the last experiment, save that 
the line joining the object and image is a vertical line. The 
distance of the object from the lens is calculated ; the object is 
now covered with water to varying depths, and the change of 
position of the apparent depth noted. It is in all cases i of 
the thickness of the layer of water. 
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45. Relative Size of Image and Object. 

By examining any of the figures for lenses, it is seen that by 
similar triangles 

The size of the object is to the size of the image, as the dis- 
tance of the object from the centre of the lens, is to the distance 
of the image from the centre of the lens. 

Examples. XI. 

1. Show how to find the position, and magnitude, of the image of an 
object, placed at a given distance from a convex lens of given focal length. 
An arrow 5 inches long is placed 8 inches in front of a convex lens, whose 
focal length is 3 inches ; find the length of the image. 

2. A convex lens of 4^ inches focal length is held at a distance of 3 inches 
from a disc half an inch in diameter ; find the position and size of the image 
of disc. 

3. Explain the way in which a double convex lens is employed to obtain 
a magnified image of an object. 

4. On a sheet of paper placed vertically is written a capital L. If an 
observer stand 3 feet in front of the paper, and hold a double convex lens, 
of 6 inches focal length, half-way between his eye and the paper, he will 
see an image of the letter. Draw a picture of the image as seen, and state 
whether it is larger or smaller than the object. 

5. State generally the effect of a lens upon a ray of light passing through 
it. Show how with a double convex lens, an image of a lighted candle 
may be seen (i) inverted and magnified, (2) inverted and diminished, (3) 
erect and magnified. 

6. A convex lens of 6 inches focal length is employed to read the gradua- 
tions of a scale, and is held so as to magnify them three times. Find how 
far it is held from the scale. 

7. A luminous object moves along the axis of a double concave lens. 
Trace the position and size of the virtual image. 

8. Describe a method of determining the focal length of a convex lens. 
Explain the relation between the effects produced by a convex lens and a 
concave mirror of the same focal length. 

9. Explain the formation of the image of an object by means of a concave 
spherical mirror. Compare a convex spherical lens with a concave 
spherical mirror of the same focal length, as regards its action on a beam 
of light. 

10. Find the relation between the positions of the conjugate geometrical 
foci for a concave cylindrical mirror, and explain how to make use of this 
relation to find the curvature of the mirror. 
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1 1. What do you understand by the focal length of a convex lens ? If 
a small object be placed so that its distance from the lens is a little greater 
than the focal length, where will this image be? Will it be upright or in- 
verted, real or virtual ? 

12. Draw accurately the path of a ray of simple light, through a 45** 
prism of glass, whose index of refraction is ^, drawing the ray incident on 
one face in a direction perpendicular to the other face. 

13. What is the difference between a 'real* and a 'virtual' image? 
Give a drawing, showing the formation of one of each kind. 

14. Given a concave mirror whose focal length is 12 inches, where 
would you place a candle flame, in order that the image of it, formed by 
the mirror, may be (i) real, (2) virtual ? 

15. How would you practically determine the focal distance of a con- 
cave mirror ? 

16. What circumstances determine whether the image of an object 
formed by a concave mirror shall be real or virtual? Give reasons for 
your answer. 

17. The middle of a candle flame is placed in the axis of a convex lens, 
and a greater distance from the lens, but on the same side of it, a plane 
mirror is arranged perpendicular to the axis. When a sheet of white 
paper is gradually brought near to the lens on the side remote from the 
flame and the mirror, images of the flame are seen in two positions. Ex- 
plain this, and illustrate your explanation by a diagram. 
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CHAPTER VI. 

OPTICAL INSTRUMENTS. 

46. The Camera — The Magic Lantern 

The photographic camera is merely the pinhole camera of 
§ 3, with a convex lens instead of the pinhole, and roughened 
glass instead of the tissue paper. By moving the position of 
the lens, an inverted real image is obtained upon the glass ; if 
the whole be enclosed, so that light enters by the lens alone, 
and a properly prepared sheet be placed in the position of the 
roughened glass, the image can be printed upon this prepared 
substance. 

In a magic lantern, an inverted transparent figure on glass, 
IS placed at a distance a little beyond the principal focus of a 
convex lens ; if this figure be strongly illuminated^ an erect 
magnified real image is obtained on a screen at a considerable 
distance from the lens. To attain the proper illumination, a large 
convex lens (a condenser) is used to condense the rays from a 
powerful lamp upon the glass ; and in order that as many rays 
as possible may be utilised, a spherical reflector is placed behind 
the lamp. 

47. Distinct Vision — Microscope& 

We see objects best when they are at a distance of from 10 
to II inches from the eye ; this is called the distance of dis- 
tinct vision ; it varies in different persons. The eye must be 
placed at this distance from an image to see it distinctly. 

The Simple Microscope is a double convex lens of short 
focal length. The eye is placed close to the lens and the 
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object A B is placed at a distance less than the focal distance 
(fig. 163) ; the image, therefore, is virtual (§ 44, Na 4), erect. 



and enlarged. The nearer the object is to the focus the larger 
the inu^e. The lens is moved until the distance of the image is 
at the distance of distinct vision ; this varies in different persons, 
and the lens \sfoatssed to suit them. If the object be at A B, 
the im£^e is at A' B' ; if at a b, the image is a' b. 

To see A B distinctly without the aid of a lens, it would be ne- 
cessary to place it the same distance away as A' B'; that is, at the 



distance of distinct vision. Drawing A a', B b' parallel to the axis 
(fig. 164), we see that the effect is to increase the size in the ratio 

A' B' A'B' D O limit of distinct vision 



■ A B CO distance of the object ' 
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C O is nearly equal to the focal length ; 

.*, roughly, the magnification is the ratio between the distance 
of distinct vision and the focal length. This supposes that the 
eye is at the optical centre O. 

This use of a convex lens, for producing an enlai^ed, virtual, 
and erect image, should be compared with its use, when an in- 
verted, real image is produced. 

The Compound Microscope. 

In § 44 we have already examined a real image by means 
of a lens, 

M (fig. 165), is a lens of small focal length ; an object A B 
is placed just beyond its focus; a real, inverted ima^e ab 
(rf A B is obtained 



Fic. i«j. 

A lens N of greater focal length is used to examine the 
image ; N is so placed that the real image ab\^ between the 
focus F and the lens ; therefore, an upright virtual image a' b' 
is obtained. This is at the limit of distinct vision from N. 

M is the object glass ; N the eye piece. Both are sur- 
rounded with blackened tubes, and both can be moved so as 
to occupy the best positions. The object A B must be strongly 
illuminated. 

48. The Astronomical Telescope. 
Revert to the experiments in § 44. 

Fasten the large lens to a light temporary bench ; take it in 
the hand and point it to a distant object If at night, move the 
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candle as far away as possible. An inverted, real, diminished 
image is obtained on the screen. 

Magnify the image by placing a convex lens of small focal length 
on the bench, using it as a simple microscope; then remove the screen; 
the small lens magnifies the image, producing, compared with the 
image, an upright, virtual, enlarged image. Surround both lenses 
with blackened tubes, and an ordinary astronomical telescope is 
formed ; the tubes slide one within the other for adjustment. 

fl^ is an object at a great distance \ cd \% the refractor, 
with its focus at/i \ the image, real, inverted, is formed at a 1^1, 
The eye piece eg magnifies (see simple microscope) the real 
image a,^,. The eye sees the virtual image, a^b<iy inverted, as 
compared with a b. Practically, a b being at a great distance, 




Fig. x66. 



a\bx is formed at the focus /]. In examining celestial bodies 
the inversion causes no inconvenience. 
The magnification is nearly 

focal length of object glass 
„ „ eye piece 

If eg be moved, so that axb^ is at a greater distance from eg 
than its focal distance, a real inverted image of the image a^b^ 
will be formed on the other side oi eg', that is, the second 
image will be erect compared with the object a b. This second, 
real, erect image can, as in fig. 166, be examined by another 
lens similar to eg-, the result is an erect virtual image. With 
proper tubes, a simple terrestrial telescope is formed. In 
practice, two similar convex lenses, are so arranged between the 
the first image a^bi and the eye piece eg^ that they produce a 
second, real, erect image of ab ; this image is magnified by eg, 

49. The Galilean Telescope — Single Opera-Glass. 

Instead of using a convex lens to examine the real image in 
fig. 156^ use a concave len6 ; begin in the position in which the 
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convex lens was placed and move up to the screen ; no image is 
obtained. Remove the screen and move the concave lens gradu- 
ally towards the large lens ; at length the candle or object is seen, 
but it is ERECT. Refer to § 44 concerning concave lenses. 

If the large lens and concave lens be surrounded with 
proper tubes, the Galilean Telescope is formed, and on a 
smaller scale the opera glass. 

^^ is the refractor or object glass, eg the eye piece ; the 
object a b would form a real image a^b^y but the rays meet the 
concave lens eg^ whose focus is f^ Thus the rays which were 




Fig. X67. 



converging to «., appear after refraction as if they came from 
a 2. An erect image of the object ab\% obtained ; ab being at 
a great distance, a/, would practically be at the focus of ^^. 

The magnification is focal length of objectjlgs 

„ „ eyepiece 

Examples. XII. 

1. What is the relation between the magnifying power of a compound 
microscope and the focal lengths of the lenses employed in it ? 

2. Trace a pencil of rays from an object through one of the sides of 
an opera glass, and explain the action of the lenses on it. 

3. Sketch and describe a magic lantern showing the effect of the lens. 

4. Describe the astronomical refracting telescope. If it is adapted so that 
rays coming from a distant object shall form a parallel pencil after passing 
through the telescope, what change must be made in order that an object 
may be seen distinctly by means of it ? 

5. Explain the different effects produced by a convex lens when it a* 
used (i) as the object glass of a telescope, (3) as a magnifying glaaa. 
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CHAPTER VII. 

COLOUR. 

50. Analysis of Light — Spectrum. 

aN using the prism, colour was introduced into the images ; 
in experimenting with a large lens colour also appeared. The 
colour seemed due to refraction. 

Use either sunlight passing through a hole in the shutter, 
jor remove the objectives from the lantern ; cover the opening 
with a cap in which a small hole is cut, and with a large lens 
focus the hole on the screea A circular spot of light is 
obtained. Place the prism in the path of the beam ; the circle 
spreads out into a band of colour. This band is called a 
spectrum. The name dispersion is given to this separation. 
Some colours are refracted more than others. The order of 
the colours is red, orange, yellow, green, blue, indigo, violet ; 
red is refracted least, violet most We found that certain 
liquids, especially carbon disulphide, refracted light more than 
glass. A carbon disulphide prism is therefore frequently 
used instead of a glass prism ; greater dispersion is thereby 
obtained. 

Instead of a hole, use a slit i^x-j^ (see fig. 168), cut in 
blackened paper, and forming the front of a cap, that slips on 
the lantern; fbcus the slit S on the screen A B by means of the 
lens M. Interpose the carbon disulphide prism R P Q> and the 
spectrum A' B' is obtained. Protect the convex lens by a square 
of blackened cardboard, to prevent stray light from reaching 
the screen ; a square of white cardboard forms a convenient 
screen. 



240 Light 

Having received the colours on a sheet of cardboard, place 
the eye in the band of colour and move it ; in diffeiei^t posi- 
tions the slit is seen coloured differently: the spectrum is made 
up of a large number of coloured images on the slit. Cut a 




fine slit in the screen and allow, say, the green light to pass 
through ; use another prism and refract the green rays : there is 
no further breaking up of colour. The colours are simple colours. 



51. Synthesis of White Light. 

If white light be made up of the foregoing colours, by 
mixing these colours white light 
should be produced. 

1st Method. — Arrange a prism 

to obtain a spectrum. Place a 

similar prism near the former so 

that their faces are parallel, as in 

■^ ■** fig. 169. The light, on emerging 

'*om the second prism, is no longer coloured. Slip a card be- 

een them ; notice the small sp%ictruin on the card; place the 
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card so that it stops part of the light. The light stopped is 
coloured. The image on the screen is coloured. 

2nd Method, — Let the spectrum fall upon the concave lens. 
At its focus, where all the coloured rays mix, a white image is 
obtained. Cut off some of the rays with a card before they 
pass through the lens— say at the red elid of the spectrum. The 
image at the focus is blue. 

3/7/ Method, — Fill a tall confectioner's jar with clear water. 
Let a vertical beam, after passing through the prism, fall 
upon the jar. The rays converge after being refracted by the 
jar ; the image on the other side is white. Interpose a card 
between the prism and the jar. Notice the colour stopped by 
the card, and the result on the image. Stop the blue end ; red 
appears on the screen. 

^th Method.— Divide sl disc of cardboard into fourteen 
equal parts. Beginning with red, paint the sectors with brilliant 
colours in the following order : red, orange, yellow, green, 
light blue, dark blue, purple. Paint a black ring round the 
coloured sectors, and also a black circle at the centre. Fasten 
this colour disc to a whirling table or top (see Appendix) and 
turn. The colours blend and white is produced. 

Fasten sectors of white paper over any colour. On turning, 
distinct colour appears : cover up the red and orange ; a blue tint 
appears. Cover up the blue and purple ; a red tint appears. 
Newton concluded that 

White light is made up of seven colours^ each colour having 
a different refrangibility. 

52. Colour of Bodies. 

Violet is refracted more than blue, blue than yellow ; red 
is refracted least of all. 

The division into seven colours is arbitrary ; there is in 
reality an enormous number, one colour passing into another. 
By abstracting any of the components, as was done in the 
previous experiments by stopping certain rays, the balance is 
disturbed and colour results. 

Colour is the result of suppressing colour, 

^lace coloured objects in the spectrum ; move a bright red 
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ribbon along it The red is deepened in die red end ; at die 
blue end it appeals Made — diat is, ocrfoar is absent Similaily 
a deep Mac ribbcm appears Uack at the red end. 

53. Reflected, Absorbed, Transmittkd Colours. 

We learn that colour does not depend upon the body but 
upon the kind of light that £sdls upon it 

Cover the sUt of the lantern with a red g^ass ; the Uoe end of 
the spectrum is extinguished. Try a blue glass ; the red end is 
extinguished. A yellow glass allows yellow and part of the 
green and orange to pass. Use both red and blue ; no hght 
passes. Use blue and yellow ; a little of the gieen is seen. 
The red glass absorbs blue light and allows only red to pass. 
The blue absorbs red light and allows only blue to pas& 

Collecting our facts, we find that bodies absord, transmit, 
and reflect light ; that bodies can reflect the light they are 
able to tnmsmit A red coat is red because it absorbs all the 
colours save the red ; this it reflects: The speedwell is blue 
because it absorbs all the red and reflects the blue. Red glass 
is red when held to the light because it absorbs all the blue 
and only allows the red rays to pass through. 

If these conclusions be correct, then if light, instead of 
being composite, were homogeneous, variety in colour would 
be non-existent This can be tested by holding platinum wire 
dipped in common salt in the flame of the Bunsen burner ; if no 
other light be in the room, the intense yellow flame only supplies 
yellow light ; bright red, blue, etc, will appear black; everything 
in the room is in a shade of yellow or is black. 

54- Complementary Colours. 

It is found that, by properly selecting two colours and 
blending them, white is produced. Any two colours that 
make white light when combined, are called complementary 
colours ; red and blue, yellow and blue, are complementary 
colours. 

The common experience is that yellow and blue make 



Colour 243 

green, but a mixture of pigments is different from a mixture of 
colours. Cover the slit with a solution of copper sulphate in 
the cell ; the blue and part of the green rays pass and appear 
on the screen : on using a solution of picric acid (yellow) the 
yellow rays and part of the green rays pass. 

When blue and yeUow paints are mixed, the blue absorbs 
all save the blue and green; these it reflects. The yellow absorbs 
all except yellow and green. But the blue absorbs the yellow 
and the yellow absorbs the blue ; the only part reflected is the 
green : we then call the mixture green. 

55. Chromatic Aberration. 

The violet rays are refracted more than the red. When 
light passes through a lens there will be a focus for each of the 
coloured rays. 

Use the large lens and the candle, as in § 43 ; remove 
the black diaphragm ; receive the image on the screen ; as the 
screen approaches the lens from a distance, the edge of the 
im^e is coloured red, bordered with violet on the outside (fig. 
, 1 70). At a certain point a fair image in which red predominates 



is produced, violet being on the outside. Nearer the lens the 
violet predominates ; the violet is in the centre, the red on the 
outside. 

This is called chromatic aberration. ar,br' represent the 
extreme red rays, bv, bv' the extreme violet. The aberration 
is greatest at the edge where the inclination of the side of the 
lens is greatest, and therefore where the dispersion is greatest 

By using a stop many of these extreme rays are cut off. 

A lens forms an image because of the deviation ; as this 
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deviation ia a un^e lens is accompanied by dispeision, chro- 
matic aberration is onanndabte. In fig. 169 the dispeision is 
remedied by the second prism, but thetays Eaie parallel to S; 
tbe emergent beam is achromatic, but there is no deviatioo. If 
the fiist prism be made of crown glass, its angle being 60°, a 
certain angle is formed between the red and violet rays. The 
same dispeision is produced by a flint-glass piism with an angle 
of y}°. Now imagine the second prism of fig. 169 to be of flint 
glass with an angle of 37°, then the led and violet rays on 
emetgjng will recombine. The average deviation caused by the 
fiist prism is 40°, the deviation caused by the second prism is 
25^° ; therefore in the positions given, the general deviation 
will be i4j°(4o— 25^). Thus by two prisms we obtain deviation 
and avoid dispersion as fai as two particular rays are concerned; 
the result is not absolutely achromatic 

Turn to lenses. Using a convex lens of crown glass (fig. 
171, B), a concave lens of flint glass A is placed 
in contact, so that a concave surface fits closely 
to a convex surface. A ray meeting the convex 
lens would have one focus for the violet rays and 
one for the red rays, as in fig. 170 ; tbe effect of 
the flint concave glass is to conect this dispei- 
sion, as in the case of the prism. ' It also lessens 
'^- •"■ the deviation. In practice, the dispersion for the 
blue and orange rays is corrected. Such a combination is 
called an achromatic lens ; it takes the place of the single 
lenses in the optical instruments described. 

EXAMPLES. XIII. 

1. If youboldoDepieceofglassup to thesunit appeaitivkred ; if you 
hold anolhei up lo tbe sun it appears dark b!ue. If you pui the two glasses 
togelher you cannot see the sud at all thcough Ihem. How is this T 

2. How would 70U disprove, experimentally, the assertion that white 
light passing through a piece of coloured glass acquires colour from the 
glass T What is it thai really happens T 

3. A lamp flame, looked at through a glass prism, appears lo be coloured 
blue on one side and red on the other. Draw a picture tracing the rxys 
from the lamp to the eye, and showing which side of the coloured inutge 
is red, and which side is blue. 
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4. Given a powerful source of light, such as lime light or an electric light, 
explain how you could obtain a spectrum of it on a screen. 

5. Explain, and illustrate by a figure, what happens to a ray of sunlight 
in passing through a triangular prism. Under what circumstances will the 
ray fail to pass through it ? 

6. Describe the construction of an achromatic prism, and draw a picture 
showing the passage of a beam of light through it. 

7. Why is it that, if you look at a white sheet of paper through a slab of 
glass held obliquely, one edge of the paper looks blue and the other red ? 

8. Light enters a room through blue glass ; what appearance does a red 
coat present in such a room 7 
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CHAPTER VIII. 

the speed of light— the wave theory. 
56. Speed of Light. 

The speed at which light travels is so enormous that up to 
recent times philosophers believed that it moved over all space 
instantaneously. That light required a definite time to travel 
over any given space was thus discovered :— 



Rixmer's Calculation. 

Jupiter is a planet revolving round the sun; it has four 
satdlites like our moon. The motion of one of these satellites 
had been observed, and it was found that the satellite, eclipsed 
at regular periods, was before its time when the earth was about 
T (nearest Jupiter) (fig. 172), and behind its time when the earth 
wasatT'(greatest distance from Jupiter); the difference was 16J 
minutes. In 1675 Rosmer, a Danish astronomer, reasoned that 
this difference must be due to the time it takes light to travel 
from T to T'~that is, the diameter of the earth's orbit This 
is 186,000,000 miles. 186,000,000 miles in 16^ minutes gives 
a speed of iS8,888 miles per second. 
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FizEAu's Method. 

Suppose we have a toothed wheel, 100 teeth and 100 spaces, 
and that 50 feet away from the wheel is a target. Suppose we 
can fire a peculiar kind of bullet in a straight line through one 
of the spaces, in such a way, that it is reflected back in a straight 
line ; it will then return through the same space. 

Imagine the bullet fired when the wheel is moving; then, if 
.it travel quick enough, on returning it may just strike the first 
tooth ; if a little later it will come through the next space. 

Example. 

When the wheel turns 100 times in a minute the ball is stopped by the 
first tooth. 

The time it takes the wheel to move so that the first tooth 

occupies the position of the first space is - x -i- x — of a 

2 100 100 

minute. The ball has travelled twice 500 feet. 

.*. the speed of the ball is 100 feet in — — of a minute 

20000 

s= 2,000,000 feet per minute. 

If we double the speed of the wheel, then the bullet should 
get through the first space ; if we treble the speed it should be 
stopped ; with 400 turns a minute it should get through the 
second space. Thus the measurements could be checked. 
Fizeau applied this method to measure the speed of light, 
light was sent through a space in a wheel with 720 teeth ; it 
travelled to a mirror 8,663 metres away, was reflected, and after 
reflection passed through the space ; when the wheel turned 
1 2 '6 times a second, the light was eclipsed : it was stopped by 
the first tooth. 

.". the time to travel (2 x 8663) metres was 1 x — x — ^ 

2 720 I2'6 

second : that is, 17326 metres in — i— second : 

2304 

*. speed = 17326 X 18144 metres per second 

= about 314,000,000 metres a second 



248 Light 

The results were confirmed by doubling the speed of the 
wheel, when light passed through ; on trebling the speed, eclipse 
took place. 

Careful results show, that the speed is about 186,000 miles 
per second. 

57. The Wave Theory of Light and Radiant Heat. 

It is found, that the best explanation can be given of all the 
phenomena of light, by supposing that it travels in waves, whose' 
particles vibrate across the line of direction as do water waves. 
See * Sound,' Chap. II. § 7. 

The wave lengths of violet rays are the shortest, those of the 
red rays the longest. These waves affecting the eye cause the 
sensation of violet light and red light 

When waves of all the different wave lengths strike the eye 
they give the sensation of white light ; if any be absent colour 
is produced. 

The particles that vibrate are not composed of air. They 
are supposed to pervade all space and are called ether spheres. 

The number of waves in a given distance determines the 
colour, and the amplitude of the waves the intensity of the 
colour. 

The fact that light is generally accompanied by heat, that 
when we focus light, heat is also focussed, has led to the con- 
clusion that radiant heat is also propagated in waves, the waves 
being shorter than those of light ; or, more correctly, light and 
heat are propagated by the same kind of waves. When a body 
is heated it causes heat waves. As the heat increases red 
waves (red heat) are caused, followed by white heat, in which 
all light waves are included. Beyond the red part of the 
spectrum heat can be detected, although the wave length is 
not sufficient to cause the sensation of light. Beyond the 
violet end the spectrum can affect chemical substances, and by 
proper arrangements can be made to emit light. These waves 
are known as the Actinic waves. 

Our eyes can only be affected by light waves between 
certain limits ; when the waves are shorter (beyond the violet) we 
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fail to perceive them, and when longer than the red we also 
fail to perceive them. There is some analogy between this and 
sound ; when the vibrations are below 16 per second no musical 
note is detected, and if the vibration be beyond 30,000 per 
second again the note is undetected by the ear. Just as red rays 
and violet rays are focussed at different points when light passes 
through a lens, so heat rays have their own focus, which is 
slightly farther from the lens than the focus of the red rays 

Examples. XIV. 

1. Give a drawing showing clearly the * spherical aberration' brought 
about by a spherical concave mirror which receives a beam of parallel 
rays. 

2. Light (of one colour only) radiates from a point on the axis of a lai^e 
convex lens, and converges on the other side of the lens. Describe and 
explain the eflfect of interposing a *stop* (i.e. an opaque screen with 
circular aperture) between the source of light and the lens. 

3. A beam of sunlight is brought to a focus by means of a double convex 
lens (not achromatised). Explain the appearance observed upon a screen 
placed (i) between the lens and the focus, (2) beyond the focus. 

4. Expldn how to obtain an achromatic image of an object by means 
of (a) prisms, {b) lenses. 

5. Describe any way in which the velocity of light has been measured. 

6. Roemer determined the velocity of light by observations of the 
eclipses of one of Jupiter's moons. State clearly the nature of his obser, 
vations, and the reasoning by which the velocity of light was deduced from 
them. 

7. Draw figures showing the path of a ray of red light through a glass 
prism in the three following cases : (i) when the incidence is very oblique, 
(2) when the deviation is a minimum, (3) when the incidence is normal* 
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Apparatus. 

The following is a list of the apparatus and materials needed 
to perform the experiments in the work. The articles in lists 
A, with approximate prices, are those that will probably be 
obtained from instrument makers. Teachers with manipula- 
tive skill and time may reduce these lists considerably. They 
are recommended to obtain Outline of Experiments and De- 
scription of Apparatus and Material prepared by tha late 
Professor Guthrie, F.R.S., issued by the Science and Art 
Department This valuable pamphlet has been frequently 
used in this work. The construction of the apparatus in lists 
B is described in the work. Details of lists C follow. 
The numbers in brackets refer to the sections. 
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Appendix 



HEAT. 



CijrophorQs • • .5 
Thennometers : 

2 Centigrade, to 100° and 
200® .... 3 

I Fahrenheit, to 212^ i 

Contraction apparatus (21) . 10 
2 concave tin reflectors (71) 25 
Set of iron balls, 4 lbs. to ^ IK , 

with ring handles . . 5 
Stand for balls . . .2 



o 



9 
6 

o 

o 

o 
6 



s. 



Copper ball, 5 lbs. , with ring 
Set of cylinders (64). Copper, 
tin, lead, iron, zinc, bis- 
muth, cork, wood • 
Leslie's cube (71) • 

1 lb. thermometer tubing . 

2 lbs. barometer tubing 
Rods of brass, iron, etc., 

18 m. (3) 
Bell jar, with stopper . 



6 

2 
I 

2 

o 
I 



6 



o 
6 
6 
6 

6 
o 



B. 



Differential thermometer (30), unequal expansion bar (24), apparatus to 

show expansion of metals (3), Gravesande's ring (3). 
Water hammer (u. 6d,) 

SOUND, 



s. d. 

Air pump (2) . . 63 o 

Alarum (2) (a) . .50 

Indiarubber tubing, 36 ft. .18 o 
Fire syringe (* Heat,' § 29) . 50 
Two tuning-forks in unison . 8 o 
One tuning-fork octave higher 4 o 
Iron table vice, with cork- 

lined clamp . . .76 
Violin bow (I) . .40 

Organ pipe to show nodes • 40 o 
2 tin tubes, each 3 ft. X 4 ins. 6 o 



1 oy balloon 

Gas cylinder, 12 ins. (35) . 
Strong globular flask (2) 
Child's whistle (40) . 
Deal rod, 12 ft by i in. by 

^ in. (^) . 
Thin deal board, 24 ins. sq. (r) 

2 round deal rods, 6 ft x ^ 

lU* • • • • • 

2 round oak rods, 6 ft x ^ in. 
Hand bell (rf) . . . 



I 
I 



d. 

3 
6 



(a) Use common alarum clock. 

{b) Cover with list, suspend by threads, and use for sounding board. 

{c) Use for sounding board. 

{d) Use stoppered bell jar (* Heat '). 

B. 



Boyle's tube on board with scale (< Heat,' § 25). 



(o) Savart s toothed wheel ; (i) siien ; (f) humming-top fitted with Savort'g 
wheel ; {(f) inonochord) t (e) square of glass (i) ; (/) set of weights, 
3 of 10 lbs., 1 of 20 lbs. ; (^ long trough (6), 4(1. by 6 ins. bf 6 ins., 
with glass fiont. 
XeunJ trough to show viave metmt. 
Bex fir shaaiiHg vortix rin^. 

(ff) Savarfs Wheel.— A thin sheet-iron wheel of 24 centimetres dia- 
meter ; divide the circumference into 24 parts ; notch in each part six 
teeth. 
(i) Siren.— A thin sheet of good, smooth, stiff cardboard. From thi! 
centre e draw circles havine the following radii : 8-5, 9-5, 105, 1 1 -5, and 



Bj geometrical means draw diameters ai, cd ; then obtain 
the points/,^, h, i ; join the opposite points ; the circle is now divided into 
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twelve parts ; divide each part of the circle having the radius 9*5 centi- 
metres into five parts. Bisect each twelfth part, and draw the radii ; now 
bisect each part of inner circle, trisect the parts of the third circle, and 
divide the parts of the outer circle into four parts. Indicate the points 
carefully, and have the holes punched by a saddler. The first three circles 
of holes will be sufficient for ordinary experiments. These sizes are for 
use with the whirling table, one half size for top. 

{c) Fill a large humming-top with sand, seal the hole, then drive a 
small smooth-headed nail into the peg. Cut the upper stem so that the 
section is that of an equilateral triangle. Now puncture holes corresponding 
with this section in the centre of the wheels. Fasten the wheels to the 
top by means of washers with triangular apertures. Spin on the bottom 
of a tumbler. 

If possible obtain a whirling table (fig. 174) ; the action is more under 
control (cost i/. 13^.) An old foot or hand sewing-machine, with the 
body removed, when adapted to receive the wheels, would suit admirably. 



Fig. X74' 

{d) Jifonochord. — An inch deal board, 3 feet long, 9 inches wide ; two 
pieces of wood 6 inches x i inch x i inch, screwed on across ends of board, 
to form supports. Three long wooden screws driven in obliquely (slanting 
outwards) at one end at equal distances. At the other end opposite one 
screw is a pianoforte peg at an angle of 45°. Opposite the other two 
screws are two brass pulleys (window blind pulleys) on stems which are 
driven in at an angle of 45°. A bridge— that is, a triangular wedge of 
hard wood — 9 inches long, \ inch wide at base, and as high as the pulleys. 
This is screwed from below across the board, about 3 inches from the 
wooden screws. Three other little movable bridges about i inch long, 
as high as the pulleys, are provided. A variety of weights and hooks ; 
a pair of pliers ; several yards of iion wire (pianoforte wires) of different 
thicknesses ; brass wire, some of which has the same thickness as some of 
the iron wire. The ends of three pieces of wire are twisted into loops 
and passed over the screw-heads. One of the other ends is passed through 
the pianoforte peg, which is then twisted round by the pliers. The other 
two have loops twisted in them, and, passing over the pulleys, carry 
weights. 

A sheet of paper is gummed to the board, having lines at every inch 
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and thinner ones at every ^ inch. Mark with o the line beneath the 
pulleys and at the pianoforte peg. — Molecular Physics^ F. Guthrie. 

(e) A square of strong window glass, 9 ins. side ; file the edges and 
smooth on a stone. . 

(/) Buy \ cwt. of scrap-lead. Melt a little over 10 lbs. in a ladle ; 
remove the scum ; make a cylindrical hole 4 inches diameter, in moist clay, 
with a wooden cylinder. Into the middle of the base insert a stout iron 
wire so that 2 inches are in the clay. Pour in the lead. When cold bend 
the wire to form a hook at each end. Correct the weight with standard 
weights, file off the necessary amounts. Similarly make the others. Use 
with these the 4-lb. to ^-Ib. iron weights. 

{jg) The wood should be ^-inch deal. Make watertight with marine 
glue ; paint the inside white. 

LIGHT, 



A. 



•Lantern . 
Set of lenses 
Frame for lenses 
2 concave mirrors 

1 convex mirror . 

2 wedge-shaped cells 
2 flat glass cells . 
Strips of plate glass 





s. d. 1 


. 90 1 




20 




5 




20 




16 




9 




5 



Glass trough with 5 divisions 

(38) • - . 
Carbon disulphide prism 

Prisms, 2 equilateral (51) 

Prisms, I rectangular (39) 

Square of roughened glass 

Strips of coloured glass 

2 ground-glass globes (3) 



6 

10 

6 

4 



d, 

O 
o 
o 
o 



5 o 



Strips of crown glass 

♦ A lantern at this price will answer also for advanced optical work. 
As far as the spectrum experiments in the work are concerned, a cheaper 
form will suffice. If the classes be held during the day, sunlight may be 
used. 

E 
s. d. s. d. 

Newton's colour disc (51) . | Refraction apparatus (31) . 5 o 



(a) Blackened glass, {i) Blackened paper. 

{a) Warm the glass, rub with solid paraffin, remelt and drain off as 
much as possible ; light a piece of camphor, hold paraffined side in the 
cmoke. Remove black with a needle. 

(d) Dissolve as much shellac as possible in methylated alcohol ; allow the 
mixture to stand for 24 hours ; pour off; add to solution as much again of 
alcohol ; add lampblack. Paint cardboard with this. 

Phosphorescence tube. 

Model of eye on foot 
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Appendix 



GENERAL APPARATUS. 





t. 


d. 




X 


d. 


BahfMT, to cany i kila 


30 





3 dosen oidinary coiks 


I 





Weights, I Idia to ideogram 


12 


6 




2 





Two retort stands with 






3 lbs. g^ass tubing 


3 





clamps .... 


10 





\ lb. g^ass rod . 





6 


Iron tripod 


I 


3 


Platinnm wire 





6 


2 Bonsen burners 


5 





2 ft. indiarubber tnbing(|in. ) 


I 





Spirit lamp 


2 





Tinfoil .... 





6 


3 dosen assorted test tnbes . 


2 


6 


I sq. ft. mm gauze, coarse . 





10 


Set of 6 beakers. 


3 


6 


„ fine 





10 


I dozen assorted flasks : 






Iron and copper wire . 


I 





4of2oz.,2of4oz., 2 of 






I sq. ft. irvm plate 





6 


6 oz., 2 of 8 oz., I of 






2 sq. ft. tin plate 





6 


12 oz., I of 16 oz. 


6 





Metre scale 


I 


6 


\ dozen indiarubber corks . 


I 


3 


Retort stoppered 





9 



CHEMICALS. 





X. 


d. 


Ether meth. , 2 oz. 


, 


7 


Turpentine, 2 oz. 


. 


2 


Alcohol, 2 oz. pure 


. 


9 


Alcohol, meth., i pint 





6 


Carbon disulpbide, 


pure, 




4 oz. . 


. I 


6 


Sulphuric acid, i pint. 


. I 






Hydrochloric acid, i pint 

Sodium sulphate, I lb. 

Tincture of iodine, I oz. 

Sulphur, I lb. . 

Resin 

Calcium chloride, ^ lb. 

Mercury, 5 lbs. . 



s, 
I 
o 
o 
o 
o 
o 



d. 

o 

4 

2 

3 

3 
6 
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EXAMINATION QUESTIONS. 



■•o*- 



SCIENCE AND ART DEPARTMENT. 
SOUND, LIGHT, AND HEAT. 

First Stai^e, or Elementary Examination. 

You are only permitted to attempt eight questions. 
The value attached to each question is the same. 

1893. 
Section I. 

1. Describe experiments to show (i) that sound is produced by the 
vibrations of the sounding body, and (2) that the loudness of the sound 
depends on the amplitude of the vibrations. Explain what you understand 
by the term "amplitude.** 

2. Two trains moving equally fast approach and pass one another. An 
observer in one of them notices that the note emitted by the whistle of the 
engine of the other train changes, as it passes him, from 512 to 480 vibra- 
tions per second. At what rate do the trains pass each other, and what is 
the true vibration frequency of the note of the whistle ? 

N.B. — ^Take velocity of sound = iioo feet per second. 

3. Describe a lecture-room experiment to prove that, when sound is 
reflected, the angles of incidence and of reflection are equal. 

4. State how the velocity of sound depends upon the pressure, density, 
and temperature of the air. 

The velocity of sound at 0° C. is 1090 feet per second. 
Find the velocity at 17° C. 

Section II. 

5. Find at what distance an object must be placed in front of a concave 

mirror of 6 inches focal length, so that the mirror may give a real image of 

the object, magnified 6 times. 

S 
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6. A penny held broadside to a candle is gradually moved further from 
the candle and nearer to the wall of a room. What changes will take 
place in the shadow cast by the penny on the wall ? Give reasons for your 
answer. 

7. Draw a diagram explaining the formation of the three images seen 
when a candle is placed in the angle between two plane mirrors which are 
inclined at right angles to each other, and trace the course of the rays by 
which an observer can see each image. 

8. A convex lens is focussed on a mark on a sheet of paper ; a thick 
plate of glass is then put between the paper and the lens, and it is found 
that the mark can no longer be distinctly seen. Explain this, and illustrate 
by a diagram the path of the ray in the two cases. 

Section III. 

9. Describe and explain the difference between the climates of an island 
and of a part of a continent in the same latitude. 

10. Describe a method of determining the coefficient of apparent 
thermal expansion of mercury in a glass tube. 

11. A piece of thin paper is wrapped round a rod, which is composed 
partly of metal and partly of wood. On holding the rod in a spirit flame 
the paper is charred where it covers the wood, but not where it covers the 
metal. Explain the cause of this. 

12. A room is to be heated by hot-water pipes. Openings may be 
made in the wall for ventilation. Describe the arrangements you would 
make in order that in winter the room may be warm and the air within it 
fresh. 

1894. 
Section I. 

1. What do you understand by a vibratory motion? Distinguish 
between longitudinal and transverse vibrations, and illustrate your answer 
by an example of each. 

2. Define the terms "wave length," "amplitude," "frequency." 
Describe an experiment to show that the wave length of a sound in air is 
inversely proportional to its frequency. 

3. If a pistol-shot is fired at one end of a long tube filled with air, two 
reports are heard at the other end. Explain this. 

4. A cannon is placed 550 yards from a long perpendicular line of 
smooth cliffs. An observer at the same distance from the cliffs hears the 
cannon-shot 4 seconds after he sees the flash. If the velocity of sound is 
1 100 feet per second, when will he hear the echo from the cliffs ? 
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Section II. 

5. What experiments would you make ? — 

a. To verify the formula for a concave mirror 

112. 

- + - = -. 
V u r 

b. To show that the focal length of such a mirror is half its radius. 

6. How would you determine by experiment the path of a ray of light 
through a glass prism ? 

7. Describe and explain the method of using Rumford's photometer. 

8. Account for the appearance of a straight rod dipped obliquely into 
water, illustrating your answer by a diagram. 

Section III. 

9. The coefficient of linear expansion of brass is 0*000019. What 
will be the volume at 100^ C. of a mass of brass, the volume of which is 
I cub. decimeter at 0° C. ? 

10. Describe an experiment to compare the specific heats of copper and 
lead. 

11. Describe an experiment to measure the contraction which takes 
place in ice on melting. A mass of ice is heated from — 10° C. until it all 
becomes steam. Show on a diagram the changes which take place in its 
volume. 

12. The mean temperature of water in a vessel rises quickly or slowly 
according as it is warmed from the bottom or the top. Explain this with 
the aid of a diagram. 

1895. 
Section I. 

1. What effect does a rise in temperature produce in the velocity of 
sound in air ? 

On one occasion, when the air was at the freezing-point of water, a 
sound made at a given point was heard at a second point after an interval 
of 10 seconds. Find the temperature of the air on a second occasion, when 
the time taken to travel between the two points was 9*652 seconds. 

2. Describe a lecture-room experiment to prove that sound is trans- 
mitted through a wooden rod. 

3. The humming of insects is caused by the beating of their wings, and 
the hum of a gnat is a much higher note than that of a bluebottle. To 
what conclusion does this fact point? Describe an experiment which 
supports your explanation. 

4. Why is a sound of given intensity heard at the same distance much 
more loudly on some days than on others ? 
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Section II. 

5. Explain why the clear image of a brightly illuminated object which 
can be formed on a screen by means of a pinhole, becomes blurred if the 
hole is enlarged. Illustrate your answer by a diagram. 

6. A cube of clear glass is placed on a horizontal sheet of white paper 
so that the middle of its lowest face is over a black spot on the paper. 
Draw and explain diagrams to illustrate the apparent position of the spot 
to an observer looking at it (i) through the top, (2) through one of the side 
faces of the cube. 

7. What do you understand by the intensity of the illumination at a 
point due to a given source? Describe experiments to prove that the 
intensity of the illumination at a point due to a given small source is 
inversely proportional to the square of the distance of the point from the 
source. 

8. Determine by a geometrical construction the position of the image 
of a small object placed on the axis of a convex lens, (a) when the object 
is near the lens, {b) when it is at some distance from the lens, and find an 
expression for the magnification in terms of the distances of the object and 
of the image from the lens. 

Section III. 

9. Define a degree Centigrade. 

Explain carefully why a spirit thermometer is usually graduated by 
direct comparison with a mercury one. 

10. Explain what is meant by the statement that the latent heat of 
water is 79. 

If 10 grammes of ice at the freezing-point be put into 100 grammes of 
water at 18^ C, what will be the temperature when all the ice has melted ? 

11. Describe an accurate method of determining the mean coefficient 
of linear expansion of a metal rod between two given temperatures. 

12. A layer of oil six inches deep floats on water of the same depth. 
Describe the movements of the liquids when the water is heated gently 
from below. 
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n. 



(I 

(4 



TV, (6 



V. 


(5) 


VI 


(I 


Tn. 


(I. 


▼111. 


(2] 


IX. 


(2] 


X. 


(I 


xn. 


(8 


xin. 


(2 


XIV. 


(I 


XV. 


(I) 


XVI. 


(i; 


xvn. 


(3) 


XVIII. 


(I] 


XIX. 


(i; 


XX. 


(3) 


XXI. 


(I] 


yxm. 


(4 


XXIV. 


(9 


XXV. 


(7) 



(I 



HEAT. 

30. (2) '5 in. 

817° C. (5) F<>. 122, 50, 19-4, 356, 905. (6) C^ 32 2, 

— I'i, —9*4, o, 82*2. 
(a) F°. 59, 86, 63-5, 32, 212, -22, 14; Ro. 12, 24. 14, o, 

80, -24, -8. {d) C°. 82-2, 100, 21-1, 15-5, -24-4; 

R®. 658, 80, 16-9, 12*4, -I9'5« 
11-1° C. and i66-6<»C. 
'00001875. (2) 'ooooo8. 
'0432 in. too long. (2) 352 yds. (rails of cast iron). (4) I ft. 

3'0027ins. (5) 'o85i2in. (6) '9792 in. 
4'0O228 (coefT. of lin. exp. = '000019). 
'000000000867004913 cub. ft. (4) 120*306 cub. ins. (5) 

1*008415 cub. ft. (8) 20*054 cub. ins. 
'000026. (2) '000515. 
No change. (10) Zinc : iron : : 12 : 30. 
10 cub. ft. (3) 106*6 cub. cm. 

189*89 cub. ins. (2) 254*3 cub. ft. (3) 763*9 cub. ins. 
12*37 grains. (2) 13*59 grams. 
719 grams. (2) 81*2 cub. ft. (3) 1*46 cub. ft. (4) 30 cub. ft. 

•095. 4'75- (5) 60^ 5- 

•0974. (2) 44*8'^. (3) 96*8<>. (4) 755 *8« C. (5) 555- 

551-3° C. (2) 172 lb. (3) -444. 

*092. (4) 5*66 lbs. (6) 40 minutes. 

11,000,000. (7) 171*4. 

536*6. 

•55. 

16848 c.£^.s, (8) 30*1. 

3*1 ft. (2) 292*7 units, lb. F. (3) 4*32° F. (4) *24* C 

(5) -375 lb. (8) 6*3 lbs. (9) 7180. 
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SOUND. 
Z. (6) 2240 yds. 
XL (6) 20 ft. 
m. (7) Elasticity is equal to a pressure of 31 cubic ins. of mercury 

per sq. in. (8) {a) 4 ft. ; W 2ft ft. (9) 1200 ft per sec. 
ZV. (4) if sec. 
y. (i) 40. (4) 16800 ft. per sec. at 15° C. (6) Intens. at iioo : 

intens. at 1800 : : 324 : 121. 
VI. (10) 1120 + 256, 1 132-*- 256. 

Vn. (2) 120, 144, 192. (4) 264, 297, 330, 352, 396, 440, 495, 528. 
(5) 120. 
Vni. (3) 36-3- (7) 120. (8) i865f. 
ZZ. (2) 426-6. (4) 4 lbs. (6) Vib. nos. are as i : j : | : |^ ; the 

diameters are as I : j : f : ?. (7) i : f : fi : ff- 
ZL (i) 120. (2) Vib. no. of fund. : overtone : : 2* : 5* ; if vib. no. of 
C. be 4, then vib. no. of C" is 16, and of G" 24. The 
overtone is above G". (5) 80 lbs. 
ZZL (2) I3i ins., 52I ins. at 15° C. (5) 8*59 ins., 34*4 ins. 

(4) Vib. no. of stopped : vib. na of open 1:3:2. (5) 35 ins., 
17} ins. (9) Vib. nos. become 1200, 100, 800, and 133J. 
(10) 28I) sec. Temp, omitted. (14) Length of silver : length 
of iron : : i : -287. (15) 4 ft, vib. no. 271 J. 



LIGHT. 

Z. (5) 144 sq. ins. 
IZ. (3) 10 ft. (6) 4j ins. diam. 
V. (6) 60°. 

VL (i)/= 10. (2) /= 20*9 ins., r = 41-8 ins. (3) /= i8f, u = 12-5, 
V = 25, /= 10. (4) (a) 9 ins. from the mirror ; (d) virtual, 
30 ins. behind. 
VZZ. (i) 10, 24, 1-5, and 6 ins. (4) 13*5 ins. (6) Height 4 ins., 12 ins. 

from the mirror. 
VZZI. (3) 48I. 42, 37. 23J (approximate). 
Z. (4) Two. 

XL (i) 3 ins. (2) Virtual, 9 ins. in front of lens; 1} in. in diam. 
(4) Smaller, real, 9 ins. from eye. (6) 4 ins. 
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EXAMINATION QUESTIONS. 



SCIENCE AND ART DEPARTMENT. 

1893. (2) Vibration frequency = 496 ; each train travels at 177 ft. 
per second.* (4) 1 124 ft. per second. (5) 7 ins. 

1894. (4) I second after hearing the report direct. (9) 1*0057 cub. 
decim. 

1895. (I) 197° C. (10) 9fto C. 

♦ Worked Example. 

If we assume that the result of the motion of the observer is similar to 
that of the sounding body, we can imagine one train at rest, while the other 
moves with twice its real velocity ; then, since the frequency is »(i + 2k\ 
we have (see § 41, p. 166) — 

512 = w(i +2>&) 
and 480 = fi (I — 2>&) 
and by addition 2n = 992, 

n = 496 = true vibration number ; 
and substituting — 

512 = 496(1 + 2k) 

• • ^ 62 ' 

/. the velocity of each train = iioo X 2- = ^77 ^eet per second. 

This approximate method may obscure the true explanation. Since 
both move with uniform velocity v, the vibration frequency due to the 

motion of B as they approach becomes n — ,, and this due to the motion 

of A becomes ( n ^ ) (i + >^) = » — ^-7 ; 

I + k 



:. 512 = n 

similarly, 480 = n 



I - k' 
I - k 



I + k' 
:. n = v^5i2 X 480 = 128^15 = 495 7» 

and Jk = ^"^'j = 31 - 8 V15 ; 
4+ V15 
.*. the velocity of each train = iioa& = ^775 ft* per sec. 
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INDEX. 



ABE 

ABERRATION, chromatic, 243 
— • spherical, aoo 
Absolute expansion of mercury, 26 

— temperature, 36 
Absorption of heat, 94 
Achromatic lens, 344 
Amplitude of vibration, zx6 
Angle, critical, six 

— of deviation, sxo 

— of incidence and reflection, 183 

— of refraction, 206 

Aqueous vapour, its influence on climate, 97 

maximum pressure of, 63 

Atmosphere, pressure of, 33 

BALANCE wheel, 30 
Barometer, 33 
Black's experiment on latent heat, 54 
Boiling, laws of, 68 

— point, 7, 13, 6a 

influence of dissolved matter on, 13 

of pressure on, 14, 66 

Boyle and Marriotte's law, 34 
Breezes, land and sea, zoo 

CALORIMETER, 47 
— ^ Black s, 54 

— Lavoisier s and Laplace's, 55 
Camera, photographic, 334 

— pinhole, 179 
Capacity for heat, 46 
Caustics, 300 
Centigrade scale^ 8 
Charles's law, 36 
Chladni's experiment, 108 

Qimate, influence of aqueous vapour on, 97 

Clouds, zox 

Coefficient of expansion, cubic, 3z 

linear, 17 

square, 30 

Cold, apparent reflection of, 94 

— produced by evaporation, 70 
Colour, 339 

Colours, complementary, 343 



EXP 

Compensating pendulums, 39 
Compression, heat produced by, 37 
Condensation, 73 
Conduction, 83 
Conductivity, 85 

— of ^ases, 88 

— of liouids, 87 

— of solids, 84 

— thermal, 86 
Conjugate foci, X95 
Contraction, force of, 38 
Convection, 81 
Cryophorus, 7X 
Currents, xoo 

DANIELL'S hygrometer, 76 
Density of Q<>dies, effect of keat 
upon, 39 
Dew, xo3 
Dew point, 74 
Diathermancy, 96 
Diatonic scale, 140 
Diffusion, 184 
Dispersion, 339 
Distillation, 73 
Doppler's prin ;iple, x66 

EBULLITION, laws of, 68 
Echoes, Z33 
Eclipses, Z73 
Elasticity, 133 

— of gases, 135 
Evaporation, 63 

— cold due to, 70 

— latent heat of, 68 
Exchanjge, theory of, 98 
Expansion, absolute, of mercury, 36 

— apparent and absolute, 34 

— coefficient of, z6 

— force of, 38 

— of eases, 35 

— of liquids, 4, 33 

— of solids, 3, 16 

— of water, 37 
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Index 



FIZ 

FIZEAU. 247 
Flame, sensitive, 13T 
Focal distance of lens, 227 

of mirror, 194 

Foci, conjugate, 195 

F<^s, loi 

Freezing mixture, 60 

— point, 7 

Fusion, latent heat of, 53 

— laws of, 51 

GASES, expansion of, 35 
— liquefaction of, 72 

— specific heat of, 56 
Glasses, opera, 237 
Gulf Stream, zoi 

HAIL, 101 
Harmonic motion, 1x5 
Harmonics or overtones, j 52 
Heat, a quantity, 44 
'— mechanical equivalent of, X03 

— radiant, 91 

— sources of, 103 

— unit of, 44 

Heating by not water, 82 
HwRometers, 76 

— Daniell's, 76 

— Dine's, 7^ 

— Regnauit's, 77 

— wet and dry bulb, 79 
Hygroscopes, 75 

ICE, latent heat of, 53 , ^ , 
Images, formation of, by lenses, 228 
by mirrors, 196, 201, 203 

— multiple, 216 

— real and virtual, 200 

— size of, 202, 232 
Index of refraction, 206 
Intensity of light, 173 

— of radiant heat, 97 

— of sound, 130 
Intervals, 140 
Inversion, lateral, 187 

JOULE'S mechanical equivalent of heat, 
X04 
T^ ALEIDOSCOPE, 188 

LANTERN, magic, 234 
Laplace's correction 
formula, 127 
Latent heat of fusion, 53 

of vaporisation, 68 

Lenses, 224 

— formula relating to, 227 
Leslie's cube, 94 

— differential thermometer, 38 
Light, analysis of, 239 
Light, speed of, 246 

— synthesis of, 240 
Liquefaction of gases, 72 
Liquids, conductivity of, 87 

— expansion of, 23 

— specific heat of, 55 
x>ops and nodes, X46 
ongitudinal waves, 120 



of Newton's 



ROE 
TVyTAGNIFICATIGN, measurement of, 

Marriotte and Boyle's law, 34 
Maximum pressure of vapours, 63 

— thermometer, xi 
Melting point, 52 

— influence of pressure on, 59 
Metals, expansion of, 3, x8 

— thermal conductivitv of, 85 
Miax)scope, compound, 236 

— simple, 234 
Mirage, 213 
Mirrors, concave, 193 

— convex, 203 

— inclined, 187 

— plane, 184 

Mixture of gas and vapour, 64 
Monochord, X48 
Musical intervals, 140 

— scale, 140 

NEWTON'S disc, 241 
— formula, X26 
Nodes and ventral segments, 146, 165 
Notes, 139 

OPAQUE bodies, 170 
Opera glass, 237 
Organ pipes, 164 
Overtones or harmonics, 152 

PAPIN'S digester, 67 
Pendulum, compensating, 29 

— Graham's mercurial, 29 

— gridiron, 29 
Penumbra, 171 
Photometers, X75 

Pipes, open and stopped, 156, 160 
Pitch, 138, 141 
Pressure, atmospheric, 32 

— effect on bo. ling point, 14, 66 

— vapour, 62 
Prism, 219 

'— right-angled, 222 

/QUALITY of musical sounds, 141, 152 

RADIANT heat, 91 
theory of, 248 

Radiation, 95 
Rain, xoi 
Ray, 170 
Reed pipes, 163 
Reflection, laws of, 183 

— of heat, 92 

— of light, x82 
f— of sound, X3X 

— totalj 2x1 
Refraction, laws of, 208 

— of light, 205 

— of sound, 13s 
Refractive index, 206, 222 
Regelation, 59 
Resonance, i6x 

Rods, vibration of, 154 . . . . 

Roemer's determination of the speed ot 
light, 246 
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SAFETY Ump, 89 
Savart's toothed wheel, 138 
Scale, the musical, 140 
Scales, thennometric, 7 
Shadows, 171 
Snow, loz 
Solidification, 5^ 
Sound, cause of; xo8 

— speed of, xio 

— waves, 122 
Speaking trumpet, 133 

— tubes, 133 
Specific heat^ 45^ 47 

— — determmation of, 47 
Speed of light, 246 

— of radiant heat, 248 

— of sound in air, no 

— — in liquids, xix 

— — in solids, XX3 
Spectrum, 239 
Stationary waves, X44, 158 
Steam, latent heat of, 69 
Stethoscope, 133 
Syringe, fire, 37 

TELESCOPE, astronomical, 236 
— Galilean, 237 
Temperature, x 

— absolute, 36 
Thermal conductivity, 86 

— unit, 44 
Thermometer, air, 33 

— alcohol, xo 

— differential, 38 
principle of, 5 

— maximum, xx 

— mercury, 6 

— minimum, xx 

— weight, 23 
Thermometers, fixed points of, 7 



WIN 

Thermometers, graduation of, 7 
Timbre. X4X, 152 
Torricelli's experiment, 33 
Transducent bodies, X70 
Trumpet^ ear, X33 

— speakwg, X33 
Tuning-fork, X5S 

UMBRA, X7I 
Unit of neat, 44 

VACUUM, formation of vapour in a, 62 
— sound not propagated in a, X09 
Vapour pressure, 62 

— saturated and unsaturated, 63 
Vaporisation, 62 

— latent heat of, 68 
Velocity^ see Speed 
Ventilation, 82 
Vibration of air in tubes, X56 

— of plates, X08 

— of rods, X54 

— of strings, X4^, 147 
Vibrations, longitudinal, 156 

— transverse, X44 

Vision, distance of distinct, 234 

WATER, expansion of, 27 
— heating by hot, 82 

— maximum density of, 27 

— specific heat of, 57 
Wave front, X23 

— length, X16 

— motion, XX7 

— theory, 248 

Weight of bodies, effect of heat on, 41 
White light, 240 
Wind, 99 

— effect on sound, X36 
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